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AHHOTaU,HH 

06cy}K;i,aeTCH ycTanoBjieHHe TepMOflHHRMHHecKoro paBHOBCCHH b paHHeii BcejieHHOli, a 
TaKJKe npoLi;eccbi, npHBOflHiiiHe k OTKjiOHeHHio ot paBHOBecHH. Bo bbo;i,hoh jieKn,HH Kpax- 
KO npHBCfleHbi ocHOBHbie CBefleHHH H3 KOCMOJIOrHH. ^ajiee paccMaTpHBacTca KHneTHHecKoe 
ypasHeHHe b MeipHKe OpHflMana-PoGepTCona-yoKepa. AnajiHSHpyeTCH xapaxiep pemeHHtt 

KHHeTHHeCKOrO ypaBHeHHH flJIH paSJIHHHblX THnOB HaCTHU,, B HaCTHOCTH, cjaOTOHOB MHKpO- 
BOJIHOBOrO (J)OHa, HeHTpHHO H MaCCHBHblX HaCTHH,, KOTOpblC MOrjIH 6bl HpeflCTaBJISTB C060H 

TeMHyro MaiepHio. OGcyjK^aeTca M0flH4)HKan,HH ycjiOBHH fleTajiBHoro paBHOBecna npn na- 
pymeHHH T-HHBapHanTHOCTH, a TaKJKe bosmo^khoc HSMeneHeHHe KaHOHHHecKoii khhcthkh 
npH HapymeHHH CPT-TeopcMbi h npnjiojKeHHH k GapHOCHHTesy. 

1 BBe/],eHHe 

KaK HSBecTHO, Ha aape MHpos^aHHH BemecTBO bo BcejieHHoit 6bijio ropHHiiM h oneHb njioT- 
HbiM, B03HHKmeM B pcsyjibTaTe TaK HasbiBaeMoro 6ojibmoro BsptiBa (big bang). CKopee Bce- 
ro, HanajiBHoe cocTOHHHe j^o 6ojibmoro BsptiBa npeflCTaBjiajio co6oh 3KcnoHeHi];HajibHO pacniH- 
pHK)ii],ycH KBasH-nycTOTy, sanojineHHyio BaKyyMO-no/],o5HbiM cocTOHHHeM HHcJ^jiaTOHHoro nojiH. 
BnpoHeM, KaK roBopHT, tjt BOSMOJKHbi BapnaHTbi, h nepBOHanajibHoe 3KcnoHeHii;HajibHoe pac- 
niHpeHHe (hh4)jihii,hh) Morjio 6bi hj^th sa chbt KaKHX-jin6o hhmx MexannsMOB. ^jih nac 6y/];eT 
BaJKHO, HTO B KaKOH-TO MOMBHT 3Ta TeMHaH KBaSH-nyCTOTa (KBasH-BaKyyM) BsopBajiacb C pOJK- 
fleHHeM 6ojibmoro HHCjia BceBOSMOJKHbix 3jieMeHTapHbix HacTH^. 

HopasHTejibHO, hto BHemne 3tot npoii;ecc oneHb HanoMHHaeT 6ii6jieHCKoe onncaHHe coTBope- 
HHH MHpa: "SeMjiH 6bijia GesBH/ina h nycTa h TbMa na^ 5e3flHoio."A noTOM: "^a 6ypfiT CBex!". 
OflHaKO, B OTjiHHHe OT Bh6jihh, fljiH onHcaHHH npoi],ecca 6ojibmoro BspbiBa HMeeTCH CTporaH 
MaTeMaTHHecKaa Teopna, KOjiHHecTBeHHbie cjie^CTBHa KOTopol! MoryT 6biTb npoBepenbi acTpo- 
HOMHHecKHMH Ha6jiK)/];eHHaMH H, 3a6eraa Bnepe^, CKaaceM, hto npeflCKasaHHJi TeopHH saiviena- 
TejibHO corjiacyroTCH c Ha6jiK)/i,aeMbiMH HepxaMH BcejieHHoit. 

Teopna BspbiBa KBasH-BaKyyMa hjih, hkbimh cjioBaMH, poJKfleHHH nacTHU, HHcJjjiaTOHHbiM 
nojieM xopomo ycTaHOBjiena h nosBOjiaeT paccHHTaTb CKopocTb poJKfleHHH h cneKTp suepmA 
BOSHHKniHX HacTHu;. 3tot cneKTp MOJKeT HMBTb flOBOJibHO cjioJKHbiii BH/],, HO B pesyjibTaTe B3aH- 
MOfleitcTBHH MeyKjxy pojKfleHHbiMH HacTHii;aMH bch npefly/iymaa HCTopHH OKasbiBaeTCH saGbiToii 
H cneKTpbi Bcex (hjih hohth Bcex) nacTHH, npHo6peTaioT ynHBepcajibnyK) 4)opMy, OTBeHaK)m;yio 
TeHjioBOMy paBHOBecHK). B 3TOM cjiynae Bce pasHooGpasne cneKTpoB oHHCbiBaeTCH Bcero jinmb 
TpeMH napaivieTpaMH: TeMnepaTypoit, o6uxe& fljia Bcex nacTHu;, XHMHHecKHMH noTeHLi;najiaMH, 
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KOTopbie, Boo6me roBopa, MoryT 6biTb pasjiHHHbi fljia pasHbix thhob nacTHu;, h MaccaMH, koto- 
pbie pasjiHHHbi fljiH pasHbix thhob nacTHU,. HcKjiioHeHHe npeflCTaBjiaeT bosmojkhbih Bose koh- 
flencaT b KOCMOjiorHHecKolt njiasMe, Kor^a XHMHHecKiiii noTeHi^naji 4)HKCHpoBaH h paBen Macce 
HacTHu; B KOHfleHcaTe, ho rem ae Menee, pacnpeflejienne no-npejKHeiviy onncbiBaeTCH TpeMH na- 
paMeTpaMH; BTopbiM napaneTpoM, bmbcto XHMHHecKoro noTeni^Hajia, SBjiaeTca njioTHOCTb hjih 
aMnjiHTyfla KOH/ieHcaTa (mm o6cy/];HM 3to HHJKe). 

HHTepeCHO, HTO B o6bIHHbIX 4)H3HHeCKHX CHCTeMaX TepMO^HHaMHHeCKOe paBHOBeCHe flOCTH- 

raeTca no npomecTBHH ^ocTaTOHHO ;];jiHTejibHoro BpeMenn, a b KOCMOjiorHH - Hao6opoT: paB- 
HOBecHe cymecTBOBajio b paHHeii BcejieHHOii, a nosflHHe OTKjioneHHH ot paBHOBecHH mofjih ^o- 

CTHraTb SHaHHTejIbHOH BejIHHHHbl. 9th OTKJIOHeHHH B03HHKaK)T flJIS MaCCHBHblX HaCTHU,, B TO 

BpeMH KaK 6e3MaccoBbie, KaK npaBHjio, coxpanaioT paBHOBecHbiit cneKTp npn KOCMOjiorHHecKOM 
pacHiHpeHHH. HpHMepoM TaKHX HacTHH, c H^eajibHO (hjih noHTH HfleajibHo) paBHOBecHbiM cneK- 
TpoM HBjiHRDTca (jjoTOHbi KOCMHHecKoro MHKpoBOjiHOBoro (JjoHa (Cosmic Microwave Background 
radiation hjih CMB). HaGjiro^eHHe SToro HSjiyneHHH b 1965 ro^y HenBHacoM h Bhjibcohom [T] 
HOCTaBHjio OKOHHaTejibHyio TOHKy B CHope MejKfly CTopoHHHKaMH ropHHeii (big bang) h xojio^- 
hoh BcejieHHoit. 

3to oflHO H3 HaH6ojiee BajKHbix b KOCMOjiorHH OTKpbiTHit cjieflOBajio H3 npe/iJioJKeHHOH Fa- 
MOBbiM [2] B 1946 roffy Moj^ew ropaneH BcejieHHoii. KoHKpeTHoe Hpe/i,CKa3aHHe cymecTBOBanna 
4)OHa MHKpoBOjiHOBbix (JjoTOHOB c TeMHepaTypoH B HecKOJibKO rpaflycoB KejibBHHa 6bijio cfle- 
jiaHO BCKope nocjie 3Toro AjibcJiepoM h XepManoM [3]. B 1964 rofly J^opouiKeBHH h Hobhkob [5| 

nOKa3ajIH, HTO HHTenCHBHOCTb MHKpOBOJIHOBOrO 4)OHa B UIHpOKOH o6jiaCTH HaCTOT /lOJIJKHa 3Ha- 

HHTejibHO npeBbimaTb HHTencHBHOCTb sjieKTpoMarnHTHoro H3jiyHeHHH ot flpymx hctohhhkob 
H ero Ha6jiio/];eHHe HBjiaeTCH bhojihc peajiHCTHHHbiM. O/inaKO, hx pa6oTa, no-BH/iHMOMy, ne 
6bijia HSBecTHa HeHBHacy h Bnjibcony. HnTepecHO, hto 3afloj[ro flo HensHaca h BnjibcoHa b 
aHajiorHHHoro THna sKcnepHMCHTe no KajinGpoBKe anTeHHbi paflnoTejiecKona Tep IIlMaonoB |5j 
o6HapyyKHji 4)OH pejiHKTOBbix 4)OTOHOB, ou;eHHB ero TeMnepaTypy b 4ib3 K. B nacToamee BpeMa 
H3yHeHHe yrjioBbix n cneKTpajibHbix 4)j[yKTyari;HH (t.b. OTKjionenHH ot paBHOBecHoro pacnpe/];e- 
jieHHs) HBjiHeTCH oflHHM H3 HanGojiee nyBCTBHTejibHbix cnoco6oB H3MepeHHa KOCMOJiornnecKHX 
napaMCTpoB. 

B 3THX jieKii;H5ix Mbi paccMOTpHM npoii,eccbi ycTanoBjieHHa TepMO/i,HHaMHnecKoro paBHOBecHH 

H OTKJIOHeHHH OT paBHOBBCHH B paHHeft BCejiennOH flJIH (jjOTOnOB, neHTpHHO, TSJKejIblX HaCTHU;, 

KOTopbie MorjiH 6bi 6biTb HOCHTejiHMH TeMHoii MaTepnn. Bo BBOflnbix pa3/];ejiax 2 h 3 o6cyjK- 
flaiOTCH Heo6xoflHMbie KOCMOJiornnecKne ypaBnennH, BKjnonaH ypaBHenna Opn^JviaHa, a TaKJKe 
HpHBe;i,eHbi ocHOBHbie KOCMOJiorHHecKHe napaMBTpbi. B pa3flejie 4 paccMOTpeno KHHeTnnecKoe 
ypaBHeHHe b pacmnpaion^HCH Bcejiennoit h ero pemennH b npocTbix, no npaKTnnecKH hhtb- 
pecHbix cjiynaax. TaKJKe o6cyjK/];aeTCH ycjiOBHe n,HKj[HnecKoro Gajianca, KOTopoe npnxo/iHT na 
CMeny ycjioBHio fleTajibnoro 6aj[aHca, ecjin napyniena HnBapnaHTHOCTb OTnocHTejibHO o6parn;e- 
HHa BpeMenn. B ri;eHTpajibnoM pa3flejie 5 paccMOTpeHbi Hpon,eccbi ycTanoBjieHHS paBHOBecHH h 
OTKjionenHH ot paBnoBecHH ^jih (Jjotohob, neftTpHHO n MaccHBnbix nacTnn,. B paB^ejie 6 o6cyjK- 
flaeTCH rnnoTeTHHecKaa KnneTHKa npn Hapymennn CPT-TeopeMbi h B03M0JKnbiH 6apHOCHnTe3 
B TaKHX ycjiOBHax. B HpHjioJKeHHHX o6cyjK/i,aioTca TepMOflnnaMHHecKHe BejiHHHHbi b paBHO- 
BecnoH HjiasMe, npuBejieabi npHJViepbi saKonoB KOCMOJiorHHecKoro pacmnpenHa ^jih pa3JiHHHbix 
ypaBHeHHH coctohhhh MaTepHH h KpaTKO OHHcana TenjioBaa HCTopna BcejieHHoii. HecKOjibKO 
6ojiee no/];po6no pa3o6pan 6apHOCHHTe3 h nepEnnnbiii HyKjieocHnTe3. 

2 KocMOJiorHHecKHe ypaBHeHHH 

B 3TOM paspfijie mm sjieMeHTapno, 6e3 Hcnoj[b30BanHH o5in;eH Teopnn OTHOCHTejibnocTH 
(OTO), xoTH H ne Bnojine CTporo, BbiBe^eM ocHOBHbie KOCMOJiornnecKHe ypaBnennH, T.e. ypaB- 
neHHH OpH/i,Mana, h 3aKOH KOCMOJiornnecKoro Kpacnoro CMeni,eHHa, a TaKJKe bbb/icm nonaTHe 
ypaBHCHHa cocToanna KOCMOJiornnecKOH MaTepnn. OGcyjKflenna sthx BonpocoB mojkho naftTH 
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B jieKLi;HHX [6], a CTporHii bbibo/i; ypaBHeHHii bo mhophx yneGnHKax no oGmeli TeopHH othoch- 
TejibHOCTH, HanpHMep b KHHre j7]. ^jih 5ojiee rjiy6oKoro 03HaK0MJieHHH c npe/iMeTOM mojkho 
peKOMCH^OBaTb KHHrn [8]. 

BcKope nocjie co3/],aHHH OTO, b 1922 rojxy OpHflMan [9] nameji pemeniiH ypaBHeHHii 3hh- 
uiTeHHa jiJisi oflHopo/iHoro h HSOTpoHHoro pacnpeflejieHHH Ben^ecTBa, hto b xopomeM npnGjiH- 
aceHHH OHHCbiBaeT Bcejiennyio na paHHHX CTa/i,Hax ee 3bojik)ii;hh. B pa6oTe OpHflMana 6biJi 
npe^CKasan y/iHBHTejibHbilt no tcm BpeMenaM peayjibTaT, cocToamnn b tom, hto Bcejiennaa ne 
CTau;HOHapna, ona pacmiipHeTCH n 6bijia ycTanoBjiena cbhbb aaKona pacmnpenHH c njioTnocTbio 
sneprHH MaTepnn. YcTanoBjienne KOCMOJiornnecKoro pacmnpennH b acTponoMHHecKHX na6jiio- 
^eHHSx npnnncbiBaeTCH Xa66jiy [10| . xoth 6bijiH n saivieTno 6ojiee pannne pa6oTbi, rflis 3to 
pacmnpeHHe 5bijio OTKpbiTO 

^jiH sjieMeHTapHoro BbiBo^a ypaBHeHHii Opn/^Mana paccMOTpHM 5ecKOHeHHoe npocTpan- 
CTBO, sanojinennoe BemecTBOM c oflnopoflHon njioTHOCTbio sneprnn, KOTopaa MOJKeT saBHceTb 
OT BpeMeHH, p = p{t). Bbi;];ejiiiM c4)epiiHecKyio o6jiacTb pa/iiiyca a{t) n npo6Hoe Tejio na no- 
BepxHOCTii SToit c4)epbi. Bneprna SToro npo6Horo Tejia (KHHeTHHecKaa njiioc noTeHii,iiajibHaH) 

flOJIJKHa COXpaHHTbCH: 

d ^ GnM ^ ^Q^g^^ ^2) 

^ Qj 

Tfxe Gn - HbioTOHOBCKaH rpaBHTaii;iionnaH nocTOHHHaH, a M = Ana'^p/S - Macca BnyTpn mapa 
pa/],Hyca a{t). B ecTecTBennoit cncTeivie eflnnnn,, r/],e c = k = h = 1 mojkho sanncaTb Gn = 
l/m^i, a Macca IljiaHKa paBHa mpi = 1.22 • 10^^ TbB. 

OTHoraeHiie H = a/a nasbiBaeTca napaMCTpoM Xa66jia n, ecjiii 7^ 0, to 3to OBHanaeT, hto 
Bcejiennaa pacmnpaeTCii, npiineM CKopocTb y6eraHiiH ot nac OT/iajiennoro oGi^eKTa nponopii;ii- 
onajibna paccToannio flo nero. 

06binno ypabnenne ([1]), nepBoe ypaBnenne OpHflMana, b KOCMOJiornn saniicbiBaeTCH b Bii/ie: 

^ = ^-U^ - h_ (2) 

\a J 6 a^ 

rfle k = const ^ npHHinviaeMaH paBHon ±1 hjiii nyjiio. Bbi6op A; = ±1 OTBenaeT onpeflejiennoit 
HopMnpoBKe MacmTa6noro cJjaKTopa a(t); npH /c = HopMnpoBKa a ne 4)iiKcnpoBaHa. 

Bo nsGejKanne ne^opasyMennH saMCTiiM, hto TpexMepnoe paccToanne MejK^y ^ByiviH Ton- 
KaMii He paBHO MacmTaGnoMy cJ^aKTopy a{t), ho npoHopn,HOHajibHO eMy. ^ejio b tom, hto cjayn- 
/laMenTajibHoit BejinnnnoH b OTO HBjiaeTCH MeTpHHecKHii Tensop g^y^ KOTopbiH onpe/iejiaeT 
HHTepBaji ds corjiacHO 

ds'^ = g^.ydx^dx''. (3) 

OflHopoflnaa h HSOTponnaa BcejieHHaa OHHCbiBaeTca MeTpHKoft <I)pHflMaHa-Po6epTcona-yoKepa 
(FRW) C HHTepBajIOM, HMeiomHM BHfl: 

ds"^ = dt^ - a^{t) [dr^ + /(r) {d9^ + sin^ Odcf)^)] , (4) 

r^e 4)yHKH;Ha /(r) saBncHT ot Tonojiornn BcejieHHoli b n;ejioM. ^jih npocTpancTBeHHO hjiockoh 
BcejieHHOH /(r) = r^, j^jir saMKHyToli BcejiennoH /(r) = sin^ r h j^jir otkpbitoh BcejiennoH 
/(r) = sh^ r, rfle 4)yHKii;HH BpeMenn a{t) nojinocTbio onpe/],eji5ieTCH CBoftcTBaMH MaTepnn. 06bin- 
Ho, xoTH n ne Bcer^a, CBoncTBa MaTepnn sa^aioTCH ypaBnenneM cocToanna, T.e. saBncnMOCTbio 
njioTHOCTH /laBjienna P ot hjiothocth sneprnn p. 

Bee Tpn yKasannbix cjiynaa OTBenaioT npocTpancTBaM nocToannon KpnBnsnbi: saMKnyToii 
TpexMepnoH ccjjepe (fc = +1), OTKpbiTOMy rHnep6ojion/],y (k = —1) njin TpexMepnoMy njiocKOMy 
npocTpancTBy nyjieBoit KpnBnanbi (k = 0). TpexMepnoe paccToanne npn nocToannbix yrjiax 
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paBHO dp = a^dr"^, Tf\e r - TaK nasbiBaeMaa conyTCTsyiomaH KoopflHHaTa, nocToaHHaH fljia 
KajKflOH HacTHii;bi. 

Cjie^yromee Heo6xo;];HMoe HaM ypaBHeHHe - 6ajiaHc sneprHH MaTepHH. TaK KaK dE = —PdV 
rfle P-njioTHOCTb flaBjieHHH, to, no/icTaBjiHH E = pV ~ pa^, nojiyHHM cooTHomeHHe: 

dE = Vdp + 3—Vp, (5) 
a 

KOTopoe MOJKHO nepenHcaTb b BH^e: 

p + 3Hip + P) = 0. (6) 

3to ypaBHeHHe HBjiHeTca KOBapnaHTHbiM saKonoM coxpaHeHHH Tensopa sneprHH-HMnyjibca b 
MeTpHKe ©: D^Tlf = 0. 

^H4)4)epeHu;Hpya ypaBHeHHe ([2]) h HCHOJibsya ypaBHenne ([6]), HOjiyHHM BbipaJKenne fljia 
KOCMOjiorHHecKoro ycKopeHHs: 

^ = -^(p + 3P), (7) 

XoTH 3TO ypaBHeHHe h ne SBjiaeTca nesaBHCHMbiM, oho BecbMa y^oGno, t.k. HanpsiMyio Bbipa- 
JKaeT ycKopeHHe npn pacmnpenHH nepes hjiothocth sneprHH h flaBjieHHH MaTepHH. 

HTaK, Mbi HMeeM ^Ba neaaBHCHMbix ypaBHenna j^jisi OHHcaHHS Tpex nensBecTHbix (JjyHKHii 
a{t), p{t) H P{t). HTo6bi /];ooHpe/];ejiHTb CHCTeMy o6biHHO bbo/],ht ypaBHenne coctohhhh Ben^e- 

CTBa, P = P{p)- Bo MHOTHX HpaKTHHeCKH HHTepeCHblX CJiyHaHX MOJKHO OrpaHHHHTbCH JIHHeH- 

HbiM ypaBHenneM coctohhhh: 

P = wp, (8) 

rfle w - HOCTOHHHbiH HapaMeTp, pasjiHHHbili j^jiii pasHbix 4)opM MaTepHH; w = flJiH nepe- 
jisTHBHCTCKoro Bem;ecTBa, it; = 1/3 flJiH pejiHTHBHCTCKoro rasa a w = —1 flJiH BaKyyMa hjih 
BaKyyMO-no/],o6HOH MaTepHH. 

Hs-sa KOCMOJioTHHecKoro pacmnpenHH HMnyjibCbi Bcex CBo6oflnbix HacTnn; b TpexMepno 
HjiocKoii BcejiennoH yMenbrnaroTCH o6paTno nponopi^nonajibHO MacmTa6noMy cJjaKTopy. 3to 
HBjienne Kpacnoro CMemenHH, no cym;ecTBy, npeflCTaBjiaeT co5oh npocTO 34)4)eKT ^onjiepa b 
pasGeraiomeMCH Ben^ecTBe. PaccMOTpnM naMenenne HMnyjibca CBo6o/;no /iBHJKymeiicH nacTH- 
n;bi c HMHyjibcoM p, naxo/];Hm;eHCH b neKOTopbiH MOMeHT BpeMenn b TOHKe c KoopflnnaTon x. 
Ilpn npnxo^e 3toh nacTnn,bi b TOHKy x + dx ee HMnyjibc, corjiacHO npeo6pa30BannK) Jlopenn,a, 
HSMennTCH na Bejinnnny dp = —duE, r/\e du = Hdx - OTHOCHTejibnaa CKopocTb ToneK x n 
X + dx BCjieflCTBHe KOCMOJiornnecKoro pacmnpenHH. T.k. dx = vdt, rpis v - CKopocTb HacTnn;bi, 

a p = vE, TO Mbl HOJiyHHM 

p = -Hp. (9) 

9to ypaBHenne mojkho CTporo bbibccth h3 ypaBnenna reofleannecKOH b npocTpancTBe c MeT- 
pHKoit Ilpn 3TOM, o^naKO, ecjin TpexMcpnoe npocTpancTBO HBjiaeTCH HCKpnBjiennbiM, to 
noMHMO /lonnjiepoBCKHX njienoB, b npaBoft nacTH BosnnKnyT flonojmnTejibnbie cjiaracMbie, sa- 

BHCHH^ne OT TpeXMCpnOH KpHBHSHbl. 

Hs ypaBHcnHH ([9]) cjiepyeT, hto nMnyjibCbi CBo6o/];nbix nacTnu, npn KOCMOJiornnecKOM pac- 
mnpennn y6biBaK)T o6paTno nponopn;nanajibHO MacmTaGnoMy cjsaKTopy: 

r/i,e z = a{t)/a{to) — 1 naabmaeTCH KOCMOJiornnecKnM KpacnbiM CMem;enneM. 
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3 OcHOBHbie KocMOJiorHHecKHe napaMGTpbi 



KaK yjKe OTMenajiocb, Teivin pacmnpeHHa BcejieHHoft onpeflejiHexcji napaMeTpoM Xa66jia, ko- 
Topbiii, B CBOK) OHepe/ib, BbipajKaeTca nepea njioTHocTb 3HeprHH MaTepHH bo BcejieHHoii corjiacHo 
ypaBHeHHK) ([2]). Ero HHCJieHHoe snaneHHe b coBpeMeHHyro KOCMOJiorHHecKyro anoxy cocTaBjiaeT: 

H = 100/ikm/sec/Mpc, (11) 

r^e 6e3pa3MepHbiH napaMeTp h paBen h = 0.73 it 0.03. CooTBeTCTBeHHO coBpeMeHHoe SHaneHHe 
xapaKTepHoro KOCMOjiorHHecKoro BpeivieHH paBHO ~ 4- 10^^ ceK. 3a HCKjiioHeHHeM nepmop^a 
hh4)jihu;hh (t.b. nepBOHanajibHoro 3KcnoHeHii,HajibHoro pacniHpeHHa BcejieHHoli), npHMepno 
paBHHeTCH BospacTy BcejieHHoii, T.e. BpeMenn, npomeflineMy ot MOMeHTa 6ojibmoro BspbiBa. 
CooTBeTCTBeHHO, H rem 6ojibnie, neivi 6jiHJKe k nanajiy naxoflHjiacb BcejieHHaa. 

B npocTpancTBeHHO hjiockoh BcejieHHoft, T.e. npii A; = b ypaBHeHHH ([2]), nojinaa njioTHOCTb 
3HeprHH, HasbiBaeiviaH b 3tom cjiynae KpumuuecKou njiomHocm'bm, o;];H03HaHHo BbipajKaeTca 
Hepes napaMeTp Xa66jia: 

Stt 

IIjIOTHOCTH 3HeprHH paSJIHHHblX BHflOB MaTepHH B KOCMOJIOTHH BbipaJKaiOTCa B TepMHHax Pc B 

BHfle 6e3pa3MepHoro OTHomeHHH: 

^a = Pa/Pc- (13) 

SnaHeHHe nojiHoro napaMCTpa VLtot = X^a 6jih3ko k efxyaim\e: 

Qtot = 1.02 ± 0.02. (14) 

HhBIMH CJIOBaMH, nOJIHaa HJIOTHOCTB 3HeprHH BCeX BH^OB MaTepHH 6jIH3Ka K KpHTHHeCKOH, 

a, cjieflOBaTejibHO, reoMeTpna BcejieHHoii b cpe^HeM SBKjiHflOBa. B flajibHeiinieM sesj^e 6yfl^eM 
HOjiaraTb k = 0, ecjiH ne oroBopeno npoTHBHoe. Bojiee Toro, flajKe ecjiH b HacTOHH],ee BpeMH 
Qtot 3aMeTHO 5bi OTKjioHHjiacb OT effUHHu^i, TeM He Menee b panneH BcejieHHOH 3to OTRjionenne 

6bIJIO 6bl HHHTOJKHO MajIO. 

06biHHoe 6apHOHHoe Bem;ecTBO cocTaBjiaeT jthhib HeGojibmyro nacTb ot hojihoto: 

1^5 = 0.04- 0.05. (15) 
TaK Ha3biBaeMaH TeMHaa MaTepna bhocht BKjia/i; b 4-5 pa3 6ojibme: 

~ 0.2. (16) 
YpaBHeHHe cocToaHHa KaK 6apHOHHoro Ben^ecTBa, TaK h tcmhoh MaTepnn na flocTaHHo no3/];HeH 

CTa^HH KOCMOJIOrHHeCKOH 3B0JII0I1;HH, KOrfla o6e 3TH cjiOpMbl MaTepHH OKa3bIBaK)TCH HepejIHTH- 
BHCTCKHMH, OHHCblBaeTCH ypaBHCHHeM COCTOHHHH C W = 0. 

^OMHHHpyiOmHH BKJiafl B HOJIHyiO HJIOTHOCTB KOCMOJIOTHHeCKOrO BeHI,eCTBa BHOCHT TCMHaH 

SHeprna c "aHTHrpaBHTHpyromHM" ypaBHenneM coctohhhh w = —1. CorjiacHO ypaBHennio d?]) 
TaKaa CBa3b ueyKjiy Pup hphbo^ht k ycKopennoMy pacmnpenHK) BcejieHHoii. BKjiafl tcmhoh 
SHeprHH cocTaBjiaeT: 

Ude » 0.75. (17) 

KpoMe yKa3aHHBix cJiopM MaTepnn, bo Bcejiennon nMeeTCH noHTn oflnopoflnBin (Jjoh mhk- 
poBOJiHOBbix 4)OTOHOB (Cosmic Microwave Background Radiation njin CMBR). Ero BKjia/i; b 
nojinyro njioTnocTb sneprnn neBCJinK: 

n-y = 4.6 ■ 10-^ , (18) 
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HO pojib 3Toro 4)OHOBoro HSjiyneHHS b KOCMOjiorHii TpyflHO nepeoi^eHHTb. CneKTp H3Jiy Henna 
OHeHb 6jih30k k njiaHKOBCKOMy, cm. HHJKe ypaBHeHHe (|29p fljia 6o30hob npn ^ = 0. 3to roBopHT 
o TOM, HTO paHHHH BcejieHHas 6bijia ropaneH h cocToaHHe BemecTBa Sbijio TepMO/];HHaMHHecKH 
paBHOBecHbiM. TeMnepaTypa CMB BecbMa aKKypaTHO HSMepena h pasna 

To = 2.725 K. (19) 

HhCJIO 3THX 4)OTOHOB B efl^HHime o6l.eMa H HX njIOTHOCTb 3HeprHH paBHbl COOTBeTCTBeHHO: 

n(°) = 410.5/cm^ ^ 0.23eV/cml (20) 
BbiBO/i; 3THX cooTHomeHHii h hx BbipaxceHHa nepes TeMnepaTypy npHBe^eHbi hhjkb b IlpHjiQJKe- 

HHH I. 

06bIHHO npH OnHCaHHH KOCMOJIOrHHeCKOft HCTOpHH HCnOJIb3yK)T He BpeMH, a KpaCHOe CMB- 

H^BHHe z, onpe^ejieHHoe b ypaBHennn (|1U|) h cpasy JKe nocjie Hero, npn^eM z = OTBenaeT 
HacTOHm;eMy BpeMenn, a 6ojiee paHHHe momchtm - Bce 6ojibmHM SHaHeHHHM z. Ecjih mojkho 
HpeHe6peHb BnpbicKOM 3HeprHH b (JjoTOHHyro KOMHoneHTy KOCMOJiorHHecKoit njiasMbi, to z pac- 
xeT nponopii,HOHajibHO xeMnepaxype: z{T) = T/Tq. 

KpoMe 4)OHa mhkpobojihobmx 4)otohob bo BcejieHHoft flOJiJKeH 6biTb TaKJKe dpou HeHxpHHO c 
OHCHb HH3KHMH HMHyjibcaMH, B palioHe 10~^ sB. BxoT (Jdoh HenocpeflCTBeHHO He oGnapyjKen h 
Bpa^i; jiH 6y;i;eT o6HapyjKeH b 6jiHJKaHmeM SyffymidM, ho b ero cymecxBOBanHH HHKaKHx coMHeHHit 
Hex. CorjiacHO ou;eHKaM Qi, ~ 0.01 — 0.001. B oxjiHHHe ox cJjotohob cneKxp neiixpHHO nepaBHO- 
BecHbiH, x.K. OHH MaccHBHbi. KpoMB xoxo HMeexcH HonpaBKa K cneKxpy na npou;eHXHOM ypoBHe 
H3-3a aHHHrHjiau;HH ropannx sjieKxpoH-HOSHxpoHHbix nap b panneH BcejieHHoii, cm. pas^eji. 15.41 

nojie3Ho npHBecxH xaKJKe oxHonieHHe HHCJia 6apHOHOB k nncjiy cJjoxohob. 3xo oxHomeHHe 
ceHHac OHeHb naflejKHO onpe^ejiHexca no yrjioBbiM 4)jiyKxyau;HHM MHKpoBOjinoBoro 4)ona n 
necKOJibKO Menee aKKypaxno no o6njinHM jierKHX 3jieMenxoB, rjiaBnbiM o6pa30M p^e&Tepua n 
rejina - 4. BejiHHHHa sxoro oxHomeHHH paBna: 

/3 = nfe/n^ w 6- 10"^°. (21) 



4 KHHeTHHecKoe ypaBHeHHe 

B npnGjinjKennn cjia6o-B3aHMO/];eHCXByioni;ero rasa hjih njiasMbi HMeex cmmcji roBopnxb o6 
o^noHacxHHHOH 4)yHKri;HH pacnpeflejienne nacxnu, b cjsaBOBOM npocxpancxBe /(t,p,x). Cpe^HHe 
xapaKxepncxHKH cncxeMbi BbipajKaioxcH nepes nnxerpajibi ox sxoii 4)ynKn;nn pacnpe/iejienna. 
TaK nanpHMep, njioxnocxb HHCjia Hacxn^ b eflHHHu;e o6x.eMa n nx njioxHocxb sneprnn paBnbi 
cooxBexcTBeHHO : 

3flecb E{p) = \/p'^ + m? - sneprna CBo6oflnoH HacxHri;bi c HMnyjibcoM p n Maccon m; cyMMnpo- 
Banne npoBO/],HTCH no cnnnoBbiM cocxoannaM, x.e. no npoeKn,HHM cnnna s. BosMOJKna cnxyan,HH, 
Kor/];a 4)yHKn,HH pacnpe/iejienna pasnbix cnnnoB pasjinnnbi. B axoM cjiynae / saBHcnx eiu;e n 
OT s. no/];o6noe nojioJKenHe HMeex mccxo, nanpnMep, fljiH neiixpHno, Kor/ia b KOCMOJiornnecKOM 
BemecxBe o6njibHO npncyxcxByiox jinnib jieBbie cocxohhhh, x.e. cocxhhhh c npoeKn;neH cnnna na 
nanpaBjieHHe /iBHJKeHHH (cnnpajibnocxbro) paBnofi (-1/2) j\rr neitxpHHO n (+1/2) ^jih anxn- 
neiixpHHO h npaKxnnecKn oxcyxcxByrox npaBbie cocxanna, x.e. cocxoannH c npoxHBonojioJKHon 
cnnpajibnocxbRD . 
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BbipajKeHHH jiJisi paBHOBecHoii njioTHOCTH HHCjia nacTHii, b eflHHHi^e oGteMa, hx njioTHOCTH 
9HeprHH H flpyme nojiesHbie 4)opMyjibi npHBe^eHbi b HpHjiojKeHHH I. 

OyHKii;HH pacnpe/];ejieHHa ^jia KaKoro-TO THna nacTim i yflOBjieTBopaioT KHHeTHHecKOMy 
ypaBHeHHK), KOTopoe b oGmeit 4)opMe sanncbiBaeTCH b bh/jis: 

dfi_ _ j(coU) .X 

dt~ ' ' ^ ^ 

r(coll) 

rfl(s 1- - HHTerpaji CTOjiKHOBeHHH fljia HacTHii;bi i, a nojiHaa npoHSBOflHaa no BpeivieHH pac- 
HHCbiBaeTCH cjieflyiomHM o6pa30M: 

df df df df 

Sflecb X = V, rfle v - CKopocTb HacTHii;bi, KOTopyio cjie^yeT BbipasHTb nepes ee HMnyjibc. B nepe- 
jiaTHBHCTCKOM npeflejie v = p/m. Hcnojibsya ypaBHeHHH flBHJKeHHH, mojkho sanncaTb p = F, 
T/i(d F - BHeniHHH CHjia, /i,eHCTByiomaH na HacTHii;y. 

SaMBTiiM, HTO nepeMeHHbie t, x h p, Bxopfliniie b /(t, p,x) pacciviaTpHBaioTCH, KaK nesaBH- 
CHMbie, Tor/],a KaK Bbime mm nojiarajiH p = p(t). B stom, oflHaxo, hbt HHKaKoro BHyTpeHHero 
npoTHBopeHHH. ^ejio B TOM, HTO fljia onpeflejienna 3bojik)ii;hh / mm flojiJKHbi paccMaTpHBaTb 

nOTOKH 4)H3HHeCKHX HaCTHU; KaK B HMnyjIbCHOM, TaK H B KOOpflHHaTHOM npOCTpaHCTBe, rjie OHH 

flBHJKyTCH corjiacHO CBOHM ypaBHeHHiiM ;];BH>KeHHH. rioTOMy-TO MM H HcnojibsyeM p = —Hp. 

B oflHopo/iHoii H HsoTponHOH BcejieHHOH 4>yHKii,HH pacnpeflejieHHH ne saBHcaT hh ot Koop- 
flHHaT, HH OT HanpaBjieHHa HMnyjibca, a saBHCHT jinnib ot BpeMenii h ot a6cojiioTHOH BejiHHHHbi 
HMnyjibca hjih, hto to JKe, ot sneprHH. Hcnojibsya ypaBHeHHe Q, nojiyHHM fljia jieBoii nacTH 
KHHCTHHecKoro ypaBHeHHH: 

dfi dfi 

HHTerpaji CTOJiKHOBeHHH fljiH npoii,ecca i + Y ^ Z , r^e 1" h Z - KaKHe-TO, Boo6ii],e roBopa, 
MHoroHacTHHHbie cocTOHHHH, onpe/iejiHeTCH cjieflyromHM o6pa30M: 

= J] /" dz.^ dz.y5^(K + Py - Pz) X (27) 

* Z,Y 

\A{Z ^ ^ + y)|2 JJ / J] (1 ± /) - |^(i + y ^ Z)| V. n / 11(1 ± /) 

z i+y Y z 

Sflecb A(i + y — )• Z)-aMnjiHTy/];a npoii;ecca nepexo^a h3 coctohhhh i + Y b cocTOHHHe Z, Wy f - 
npoH3Be/i,eHHe njioTHOCTeli nacTHu;, oGpasyiomnx cocTOHHHe Y, snaKH b J3(l it /) BbiGnparoTCH 

COOTBeTCTBeHHO flJIH 6o30HOB HJIH (JjepMHOHOB H 

d'^y = U^p^]lj^- (28) 

PaBHOBecHbiMH 4)yHKn;HHMH pacnpe^ejieHHa nasbiBaioTCH TaKHe (]3yHKu;HH, KOTopbie o6pam;a- 

K)T B nyjlb HHTerpajI CTOJIKHOBeHHH. MOJKHO npOBepHTb, HTO TaKOBMMH HBJIHKJTCH KaHOHHHeCKHe 

pacHpe^ejieHHa Bose h OepMH: 

PacHpeflejieHHa 3aBHcaT ot flByx npoHSBOJibHbix napaMeTpoB: TeMnepaTypbi T h XHMHHecKoro 
noTeHii;Hajia ^, KOTopbie b KOCMOJiorHHecKoii CHTyaii;HH hbjihk)tch 4)yHKH,HHMH BpeMeHH. 
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yTBepjKfleHHe, hto [^(e?)] = jierKO npoeepHTb b cjiynae, Kor/];a HMeeT mbcto hh- 

BapnaHTHOCTb OTHOCHTejibHO oGpameHHH BpeMeHH, T.e. OTHOCHTejibHO T-npeo6pa30BaHHH. B 
3TOM cjiynae a6cojiK)THaa BejiHHHHa aMnjiHTy;];bi o6paTHoro npoii;ecca paBHa BejiHHHHe aMnjiH- 
Tyflbi npHMoro c T-npeo6pa30BaHHbiMH snaHeHHHMH HMnyjibcoB h cnHHOB, T.e. npn p — )■ {—p) h 
s — >■ (— s). ^ejiaa cooTBeTCTByiomyio saMeny b iiHTerpajie CTOJiKHOBeHHii, OTBenaiomeMy o6paT- 
HOMy npoii;eccy, mm yBH/iHM, hto aMnjiHTy/],a He HSMeHHTca h no9TOMy mojkho BbinecTH KBa^paT 
aMnHTy/;bi sa cko5kh, b pesyjibTaxe Hero noji HHTerpajioM B03HHKHeT MHOJKHTejib, nponopLi,HO- 

HajIbHblH paSHOCTH: 

YlfYl{i±f)-nYlfYl{i±f). (30) 

Z i+Y Y Z 

ripocTOH ajireGpoit mojkho y6e/];HTbca, hto 3Ta pasHOCTb o6paii];aeTCH b nyjib b CHjiy Toro, hto 
coxpaHHioTCH SHeprHH H XHMHHecKHe noTeHii,Hajibi, T.e. Hx cyMMbi B HanajibHOM h KoneHHOM 
COCTOHHHaX paBHbi: 

"^fJ-in = '^f^fin- (31) 

YcjioBHe coxpaHeHHH sneprHH cnpaBefljiHBO Bcer^a, Kor^a neT BHeniHHX nojieii, saBHcamnx ot 
BpeMeHH, a coxpaneHHe XHMHHecKHX noTeHu;HajioB HMeeT mbcto tojibko b paBHOBecHoli CHTya- 
u;hh. CncTeMa caMa npHxo^HT b 3to cocTOHHHe b Hpou;ecce sbojhoi^hh, ecjiH CKopocTb peaKH;HH 

/lOCTaTOHHO BejIHKa. 

OflHaKO cjieflyeT HOMHHTb, hto npn ynpyroM pacceHHHH ycjioBHe coxpaneHHa XHMHHecKO- 
ro HOTeHH;Hajia BbinojiHHeTCH aBTOMaTHHecKH. no3TOMy ynpyrne peaKu;HH npHBO^aT CHCTeMy b 
cocToaHHe KHHeTHHecKoro paBHOBecHH, 4)opMHpyH KaHOHHHecKyK) saBHCHMOCTb 4)yHKu;HH pac- 
npe;];ejieHHH ot sneprHH, ho nnnero ne flejiaroT c XHMHHecKHMH noTeHii,HajiaMH, ocTaBjiHH hx 

HpOHSBOJIbHblMH, TOHHee, OHpe/i;ejIHeMbIMH HanajIbHblMH yCJIOBHSMH. 

PaCCMOTpHM HpOH;eCC aHHHrHJIHH;HH 3JieKTpOH-H03HTpOHHOH Hapbl B flfiSi H TpH (JjOTOHa: 

e+e" o 27, e+e" o 37 (32) 
YcjioBHe paBHOBecHH fljiH 3THX peaKH;HH rjiacHT: 

^g- + = 2fi^ = 3/i^ . (33) 
OTcio/i,a cpasy cjiepjT, hto b paBHOBecHH 

= 0, = -//e- . (34) 

HsMepeHHH HacTOTHoro cneKTpa MHKpoBOJiHOBoro cjaona HOKasbiBaeT, hto fj,^ = 0, Tonnee 

/U-y/Xy < 10""^, HTO HBJiaeTCH BaJKHbIM apryMBHTOM B nOJIbSy TepMO/lHHaMHHeCKOrO paBHOBeCHH 

B paHHelt BcejieHHOH. 

BTopoe ycjioBHe SBjiaeTCH nacTHbiM cjiynaeM o6mero yTBepjK^eHHH, hto b paBHOBecHH xh- 
MHHecKHe noTeHii,Hajibi nacTHii; h aHTHHacTHU, paBHbi no BejiiiHiine h npoTHBonojiojKHbi no snaKy. 

SaMBTHM, HTO BepoHTnocTb peaKu;HH annHrHjiHu;HH b Tpn cjaoTona npHMepno na 4 nopsij^Ka 
Menbuie, hbm BepoHTnocTb, /],Byx4)OTonnoH annHrHjiai^nn. TaKoe JKe cooTnomenne cnpaBe/i,jiH- 
Bo H fljiH npou;eccoB ynpyroro e7-pacceaHHa n TopMosnoro nsjiynenna 76 — )• 276. HosTOMy 
MOJKeT BosnHKaTb (HHTepecnaa ^jih kocmojiophh) CHTyan;iiH, Kor^a, nanpHMep, pacnpe^ejienne 
4)OTonoB HMeeT o5biHHyio saBHCHMOCTb OT sneprnn ()29p , a nx XHMnnecKnn noTenu;Haji ne paBen 
nyjiio. Ha6jiio/];aeMaa MajiocTb /i^ roBopHT o tom, hto peajinsyeTca nojinoe paBnoBecne, KaK 
KHHCTHnecKoe, TaK n xHMHHecKoe b nojinoM cooTBeTCTBnn c KnneTHHecKOH Teopnen b panneit 
BcejiennoH. 

Hpn nyjieBOM XHMHHecKOM noTenn;Hajie njioTnocTH nacTnn; n aHTnnacTHu; GypyT paBnbi, KaK 
3TO BHflHO H3 (JjopMyjibi (|29p H paBeHCTBa Mace nacTHn; n aHTnnacTHu;. Ilocjie/iHee HBjiaeTCH 
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cjie/i,CTBHeM CPT- Teopeivibi h b cjiynae HapymeHHH CPT-HHBapnaHTHOCTH hjiothocth nacTHu; 
H aHTHHacTHu; MoryT pasjinnaTbCH ^ajKe b hojihom paBHOBecHH npn HyjieBbix XHMHHecKHX no- 
TeHu;Hajiax h, Hao6opoT, htoGbi o6ecneHHTb paBencTBo njioTHocTeft nacTHu; h aHTHHacTHu; na^o 
BBecTH HenyjieBbie XHMHHecKHe noTeHii,Hajibi. B HopMajibHoii »ce TeopHH, rjifi HMeeT mbcto CPT- 

HHBapHaHTHOCTb, HeoGxOflHMO BBeCTH XHMHHeCKHH nOTeHI^HajI, HTo6bI OnHCaTb CHTyaiI,HK), Kor/],a 

njioTHOCTH HacTHu; H aHTHHacTHi; pasjiHHHbi. B TaKOM cjiynae, HHTerpnpyH Bbipa^KeHHe (|29|) . 
HanpHMep, ^jia (JjepMHOHOB, nojiy^HM ^jih pasHOCTH njioTHOCTH HHceji 6e3MaccoBbix nacTHu; h 
aHTHHacTHu; b e/i,HHHii,e o6beMa0: 

rfle - HHCjio cnHHOBbix coctohhhh, a ^ = fi/T. 

yBejIHHHBaa MOJKHO yBejIHHHTb aCHMMeTpHK) MeyKflJ HaCTHII,aMH H aHTHHaCTHLI,aMH Pfl 

JI1060H, KaK yroflHO 6ojibmoH BejiHHHHbi. OflnaKO, 3to Bepno tojibko flJiH cJ^epMHOHOB. JXmi 
6030HOB XHMHHecKHH noTeHi^Haji orpaHHHeH CBepxy Maccoii cooTBeTCTByiomero 6o30Ha, fj, < m. 
9to ycjioBHe OHeBH^HO, t.k. b npoTHBHOM cjiynae 4)yHKi],Ha pacnpeflejieHHH, /, mojkbt CTaTb 
OTpHii,aTejibHoli fljiH Majibix HMnyjibcoB, hto 4)H3HHecKH 6eccMbicjieHHO. 3to pasyivieeTca He 
osHanaeT, hto acHMMeTpna MeyKjxy 6o30HaMH h aHTH6o30HaMii He mo^kbt CTaTb npoH3BOJibHO 
6ojibraoH. PemeHHe Hpo6jieMbi coctoht b tom, hto npii /i = m h tojibko npn fi = m BOSHHKaeT 
flonojiHHTejiBHaa o/iHonapaMeTpHHecKaa CBo6ofla, KOTopaa H03BOJi5ieT paBHOBecHoft 4)yHKr;HH 
pacnpe^ejieHHa hmbtb bh^: 

HeTpy/iHO HpoBepHTb, hto 3Ta 4)yKH,HH /leftcTBHTejiBHO 3aHyjiHeT HHTerpaji CTOJiKHOBeHHii, T.e. 
HBjiHeTCH paBHOBecHOH. CjiaraeMoe, npoHopu;HOHajiBHoe flejibTa-4)yHKH,HH ot HMHyjibca, npe/i,- 
CTaBjiHBT C060H Bo3e KOH^eHcaT, T.e. aHcaM6jib nacTHU,, HaKonHBHiHXCH b coctohhhh c nyjiBBbiM 
HMnyjibcoM. OyHKii,Ha pacnpe/];ejieHHa no-npe>KHeMy onHCbisaeTCH flByMH napaivieTpaMH, ho Te- 
nepb, BMecTO T n, mm HMeeM T h aMHjiHTy/i,y KOH^eHcaTa C. 

JXjisi flOKa3aTejibCTBa Toro, hto pacnpeflejieHHH (|29p hjhi (|36p o6pan;aiOT b nyjib HHTerpaji 

CTOJiKHOBeHHii, MM HCnOJIb30BajIH npeflHOJIOJKeHHe O T-HHBapnaHTHOCTH. OflHaKO H3BeCTHO, HTO 

T-HHBapHaHTHocTb HapyiHaeTca h BosHHKaeT Bonpoc, coxpaHHTca jih c|)opMa paBHOBecHbix pac- 
npe;];ejieHHH h b T HeHHBapHaHTHoli TeopHH? PaccMOTpHM HHTerpaji CTOJiKHOBeHHH, ne npefljio- 
jiaraH T-HKBapnaHTHOCTH, HO/iCTaBHM b Hero paBHOBecHbie 4)yHKn,HH pacnpe/iejieHHH h npoBe- 
pHM, 3aHyjiHTCH JIH OH. YHHTbiBaH, HTO pa3HOCTb (|30p paBHa Hyjiio, BbiHeceM 3a cko6kh HpOH3- 
BefleHHe Ilz/rit+yCl ^ f) ^ nojiynnM, hto no^biHTerpajibHoe BbipajKenne HMeeT bh^: 



E 

k 



j dvk5\pu-p^)Iik{l^fk){\Aki?-\A,k?). (37) 



IIocjieflHHH coMHOJKHTejib B Kpyrjibix CKo6Kax, Boo6Hi,e roBopH, OTjiHHeH OT Hyjia, ecjiH napy- 
HiaeTca T-HHBapHaHTHOCTb. TeM ne Menee, mojkho noKa3aTb, hto xoth KajKfloe OT/i,ejibHoe cjia- 
raeMoe b cyMMe (|37p otjihhho ot nyjia, cyMMa b ii;ejioM o6pamaeTca b nyjib [13j b CHjiy ycjioBHS 
yHHTapHOCTH S-MaTpHH;bi. TyT mojkho 6bijio 5bi B03pa3HTb, HTO B npHHii;Hne ;i,onycTHMa CHTy- 
aii;HH, Kor/;a otkpmt jinmb oj\vm Kanaji peaKH,HH h Tor^a b cyMMe ()37p npncyTCTByeT tojibko 
of\vm HjieH. 0/i,HaKO, xoth [A^i — A^^) 7^ npn HapymeHHH T-nHBapnaHTHOCTH, secB scJjcJjeKT 
3Toro HapymeHHH cbo/i,htch k pasHOCTH (J^as aMHjiHTy/i, npn paBHOM MOflyjie, TaK hto pasHOCTb 
MOflyjieii amnjiwiyji no-npejKHeMy paBHa nyjiio. 

MOJKHO HOKaSaTb, HTO BMeCTO yCJIOBHH yHHTapHOCTH flOCTaTOHHO HOTpeGoBaTB BblHOJIHeHHH 

jXByy. 6oj[ee cjia6bix ycjioBHii, a HMeHHO, CPT-HHBapHaHTHOCTH h coxpaneHHH bbpohthocth: 

^«;^/ = l. (38) 

/ 



^ BbiHHCjieHHe HHTerpajiOB ot paBHOsecHbix 4)yHKii,HH mojkho nafiTH, nanpHMep, b KHHre [12] 
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EcjiH HapymaeTCH CPT, to, tbm ne Menee, paBHOBecnaa cTaTHCTHKa ocTaneTCH HeBosMymeHHoli, 
ecjiH BbinojiHHioTca cooTHomeHHa: 




(39) 



EcjiH 6bi oKasajiHCb HapymeHHbiMH h CPT-HHBapHaHTHocTb, h yHHTapnocTb, to b TaKoii naTo- 

JIOTHHeCKOH (hJIH peBOJIK)II,HOHHOH TeopHH) MOTJIH 6bl B03HHKHyTb SaMeTHbie MaKpOCKOnHHeCKHe 
34)4)eKTbI KaK B KHHeTHKe, TaK H B paBHOBeCHOM CTaTHCTHKe. 

PesRDMHpya, otmbthm, hto cnpaBefljiHBOCTb oGmhhoh paBHOBecHoli CTaTHCTHKH npaKTHHe- 
CKH HeB03M0JKH0 HapyniHTb. B CTapbie Bpeiviena, Korfla T-HHBapnaHTHOCTb He no^Beprajiacb co- 
MHeHHK), BbiBO/i; o KaHOHHHecKOH (JjopMe paBHOBecHbix pacnpeflejieHHH ocHOBbiBajica na cnpaBe^- 
jiHBOCTH ycjioBHH dtmaAbHozo 6aAaHca, Kor^a BepoapHOCTH KaJKfloro OT/iejibHoro npsMoro a 06- 
paTHoro npou;eccoB OKasbiBajiHCb paBHbiMH. B Miipe, b KOTopoM mm jkhbcm, T-HHBapHaHTHOCTb 
Hapyinena, ho paBHOBecHaa CTaTHCTHKa He MenaeTca b CHjiy 6ojiee cjia6oro ycjioBHH v^uKAUue- 
CKOzo 6aAaHca [13J, KOTopbiii Tpe6yeT paBencTBa cyMMbi BepoaTHOCTeit Bcero H,HKjia npsMbix h 
o6paTHbix peaKu;HH, xoth fleTajibHoe pabencTBO flJiH KajK/;oH OTflejibHoti peaKU,HH MOJKeT h ne 

BbinOJIHHTCH. 

5 TepMO^HHaMHHecKoe paBHOBecne b paHHen BcejieHHoii 

5.1 06iij,He coo6pa>KeHH5i 

BecbMa BajKHbiM h CHjibHO ynpom;aioni,HM TeopeTHHecKHii anajiHS kocmojiothh paHHeii Bce- 

JieHHOH HBJIHeTCH TO o6cTOHTejIbCTBO, HTO nepBHHHaa njiaSMa HaXOflHTCa B COCTOHHHH OHeHb 

6jih3kom k TepMOflHHaMHHecKH paBHOBecHOMy. B KaKOM-TO CMbicjie 3Ta CHTyaii,HH npoTHBono- 
jioJKHa ycTaHOBjieHHio paBHOBecHH B o6biHHbix 4)H3HHecKHX CHCTeMax: CTai^HOHapnaH 3aMKHyTaH 
CHCTeMa npHxoflHT B cocTOHHHe paBHOBecHa no HCTeneKHH flocTaTOHHO /];jiHTejibHoro BpeivieHH. 
Bo BcejieHHOH yKe paBHOBecne ycTaHaBjiHBaeTCH na paHHeii CTa^HH, T.e. npn KopoTKHX BpeMe- 
Hax. ^ejio B TOM, HTO CKopocTb peaKu;HH nponopu,HOHajibHa hjiothocth HacTHu;, KOTopaa onenb 
BejiHKa Ha paHHeii CTafl^nn. IlpHHeM stot 3(|)(j3eKT CHjibnee, hbm yMeHbHienne cyn;ecTBeHHoro 
BpeMeHHoro npoMejKyTKa t^jf ^ 1/H. HcKjironeHHe npe^cTaBjiaeT pacna^ nacTHu,, t.k. BpeMH 

JKH3HH HaCTHU;bI He 3aBHCHT OT HJIOTHOCTH (eCJIH OTBJieHbCH OT BJIHHHHH Cpeflbl, T.e. OT OepMH- 

3aHpeTa hjih Bo3e-ycHjieHHH) . 

BcejieHHaa, KaK mm 3HaeM, HecTaii;HOHapHa, ona pacmnpHeTCH h sa cneT SToro TeMHepa- 
Typa na^aeT, npHMepno KaK o6paTHMii MacuiTaGHbiii 4)aKTop, ecjiH npeneGpenb Bbi;i;ejieHHeM 

SHTpOHHH, CM. KOHCH, IlpHJIOJKeHHH II. IIpeflnOJiaraH CnpaBeflJIHBOCTb rHHOTe3bI O TepMOflHHa- 
MHHeCKOM paBHOBeCHH, OH,eHHM TCMH paCHIHpeHHH MHpa, CpaBHHM CTO CO CKOpOCTblO peaKIi;HH H 

yBH/],HM, HTO flelicTBHTejibHO CKopocTb peaKu;HH HaMHoro 6ojibme TCMna pacuiHpeHHH. IIoTOMy- 

TO H B03HHKaeT TCHJIOBOe paBHOBeCHe. 

TeMH KOCMOjioTHHecKoro pacHiHpeHHH OHpe^ejiaeTCH napaMeTpoM Xa56jia, KOTopbili Bbipa- 
jKaeTCH Hepe3 njioTHOCTb sneprHH nepBHHHolt HjiasMbi corjiacHO cooTHomeHHio ([2]), rflfi mm no- 
jioJKHM A: = 0. KaK jierKO noHHTb, b hjiothocth 3HeprHH paBHOBecHolt HepBHHHoii Hjia3Mbi ^o- 

MHHHpyiOT pejIHTHBHCTCKHe HaCTHH;bI, T.K. BKJiafl THJKejIMX HaCTHU; 3KCHOHeHH,HajIbHO HO^^aBJieH, 

CM. ypaBHeHHe (j76p . B CHjiy SToro corjiacHO cooTHomeHHJiM (|70p h (j73p HOjiyHHM: 



3flecb g*{T) - KOJinnecTBO thhob sjieMeHTapHbix nacTHH, c yncTOM HHCjia hx chhhobmx cocto- 
aHHH, BHOcaii;HX BKjiafl b HOjiHyio HjioTHOCTb 3HeprHH: g^f = Qb + /^)gf^ g^j - BKjia/iM 
6030HOB H 4)epMHOHOB. K HpHMepy HpH TCMHepaType HjiasMbi ot T = rUe = 0.511 MsB flo, CKa- 
jKeM, 50 MsB HCH npncyTCTByioT (Jjotohm (^aioT g^ = 2), 3jieKTpoH-H03HTpoHHbie napbi (^aioT 



piT) 



(40) 
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(7e = 7/2) H TpH THna jieBO-nojiHpH30BaHHbix HeiiTpHHO (flaioT (7i, = 21/4). Bee BMeeTe 3to 
coTaBjiHeT: g^, = 10.75. OneBH^HO, saBHCHT ot TeMnepaTypbi, t.k. npn Gojibuieii TeMnepaType 
Bce Gojibine thhob naeTHu; c m < T sacejiaroT nepBHHHyio njiasMy. 
YHHTbiBaH BbimeeKasaHHoe, nalifleM: 



fi = 5.44./^^. (41) 
V 10.75 mpi ^ ' 

H3-3a npneyTCTBHH 6ojibmoro cJjaKTopa b snaMenaTejie, 1/mpi, tbmu paemnpeHHa OKasbiBaeTea, 
KaK npaBHjio, naMHoro HHJKe CKopoeTii peaKi^iiii MejKfly HaeTHLi;aMii, KOTopbie HMeioT THnHHHyio 
eKopocTb wpup^Ka: 

r ~ avn ~ a^T, (42) 

rfle a ~ 0? jT"^ -eeneHHe BsaHMOfleiicTBHH naeTHU,, w - hx eKopocTb h a ~ 10~^ -xapaKTepnaa Be- 
jiHHHHa KOHCTaHTbi BsaHMOfleftcTBHH. OneBiiflHO, paBHOBeene yeTanoBiiTCH npn T < rapijo? ~ 
10^^ r3B. PaBHOBeene HapymaeTea TaKJKe h npn hhskhx TeMnepaTypax, BO-nepBbix, H3-3a Toro, 
HTO eeneHHe mojkbt na^aTb e TeMnepaTypolt, KaK, nanpHMep, ceneHHe ejia6oro BsaHMO^eiicTBHa, 
0"vK ~ G\T'^ . 3tot npHMep mm paeeMOTpHM HHJKe npn o6cy>K;];eHHH Bbixo^a neiiTpHHO h3 paB- 
HOBeeHH. Bo-BTopbix, npH m > T njioTHOCTb TaKHX TajKejibix naeTHu; pe3KO na/],aeT h ohh 
BbixoflHT H3 paBHOBeeHH. C 3THM eBH3aHO, B HacTHOCTH, paeeMOTpeHHoe HHJKe HBjieHHe 3aMep- 

3aHHH (TepMHH B aHrjIOH3bIHHOH JIHTCpaType) HJIH, HTO TO JKe, 3aKajIKH (opHrHHajIbHblH TepMHH, 

npe/iJioJKeHHbiH SejibflOBMHeivi) KOHii;eHTpaLi,HH. 

5.2 PaBHOBecHe GesMaccoBtix nacTHu,. Ootohbi. 

HpeflCTaBjiHeTCH oneBH^HbiM, hto npn Sojibinoti eKopoeTH peaKi^nii pacnpe^ejieHHe naeTHu; 
6yfleT 6jih3khm k paBHOBecHOMy. OflnaKO mm 3HaeM, hto (Jjotohm MHKpoBOjiHOBoro c|)OHa HMeroT 
paBHOBeeHbiii njiaHKOBeKHit cneKTp e onenb xopomeft TOHHoeTbro, xoth iix BsaHMO^eiteTBHe bm- 
KjiKiHHjiocb /laBHbiM flaBHO nocjie peKOM6HHaii,HH BO/i,opofla (eM. HHJKe B 3TOM pa3/];ejie). 0Ka3bi- 
BaeTCH, 6e3MaccoBbie HacTHii;bi coxpaHHioT CBoe hcxo^ho paBHOBeeHoe pacnpe^ejieHHe, neeMOTpa 
Ha pacmiipeHHe BcejieHHoit, /laJKe Kor^a BbiKjironeHO BsaiiMOfleiieTBHe. HTo6bi npoeTO yBH/],eTb 
3TO, nepeonpe/iejiHM nepeMeHHbie b KHHeTHHeeKOM ypaBHeHHH: x = rriQa h yi = piU, r^e ttt-q - 
KaKaa-TO HopMnpoBOHHaa Macca, a, Pi - iiMnyjibe HaeTHii,bi i. Tor^a ypaBHeHHe npHMeT bh^: 

Hx^-^ = . (43) 

IIpH BblKJIIOHeHHH B3aHMO/];eHCTBHH, KOPfla /("^o'O = Q, peUieHHe HMeeT BUfl 

f = f{y,Xin), (44) 
T.e. ecjiH B HaHajibHMH MOMeHT Xin paenpe/iejieHHe hmbjio paBHOBeenyKi 4)opMy, oho ee eoxpaHHT 

H npH BbIKJIK)HeHHH B3aHMOfleHCTBHH. 

BojibHioH HHTepec Hpe/],CTaBjiHeT npoMejKyTOHHaa OHTyai^HH, na flocTaTOHHO no3flHeH CTaffnn 
KOCMOJiorHHecKOH 3BOJiK)ii;nH, KOFj^a npoii,ecc ynpyroro pacceanHH 76 -H- 76 6biji eme 6bicTpbiM 
no cpaBHeHHK) c TeMnoM KOCMOJiorHHecKoro pacniHpeHHH, ho neynpyraa peaKi^HH je -f-T- 276 yjKe 
Bbimjia H3 paBHOBecHS. B CTaH/i,apTHOM KOCMOjiorHHecKOM ci^enapHH cJjotohm eoxpaHHT CBoe 
nepBOHanajibHO paBHOBecHoe pacHpeflejienne. OflnaKO B03M0JKHbi MO/];H(J)HKau;HH CTaH/i,apTHOH 
Mop^ejia, Kor/];a b pe3yjibTaTe aHHHrHjiaH,HH hjih paena^a KaKHX-TO hobmx MaeeHBHbix naeTHu; 

npOH30HfleT BHpbieK 3HeprHH B 4)OTOHHyK) KOMHOHBHTy, HpHHCM HCXO/I,HO OHBKTp 3THX HOBblX 
4)OTOHOB MOJKBT CHJIbHO OTJIHHaTbCH OT paBHOBBCHOrO. OnBBHflHO, HTO 6bICTpOB yHpyrOB paC- 
CeaHHB npHBBflBT K TBpMajIH3aH,HH (J^OTOHOB, T.B. HpHBBflBT K KaHOHHHBCKOMy pacnpeflejieHHK) 

no sneprnn ()29p . no XHMnnecKnn HOTBHu;Haji, 9bojik)i;hh KOToporo onpe/];ejiHBTCH ropa3/];o 6ojibb 
MBfljiennbiMH HBynpyrHMH Hpon;eccaMH, ne ycneeT o6paTHTbCH b nyjib. 
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Oii,eHHM xapaKTepHoe epeiviH h Tex, h flpyrnx npoii;eccoB ycTanoBjieHHa KHHeTHHecKoro h xh- 

MHHeCKOrO paBHOBeCHH. OoTOHbl HaXO/],HTCH B paBHOBeCHH C SJieKTpOHaMH BnjIOTb Pfl peK0M6H- 

Haii;HH Bo/i,opo/;a, nocjie KOTopoft sjiexTpoHti coeflHHHioTca c npoTonaMH, oGpasya HeliTpajibHbiH 
BOflopofl HjiH c H/ipaMH rejiHH, o6pa3yio HeitTpajibHbie aTOMbi rejina. 3to npoHcxoflHT npHMepno 
npH TeMnepaType 3000 K. XapaKTepnoe BpeMH ynpyroro 7e-B3aHMO/i,eHCTBHa paBHO 

T-ye = {cGThneY^ , (45) 

Tf\e c - CKopocTb CBBTa, npHHHMaeMaa paBHoli e/];HHHii;e, UTh = Svra^/Smg = 6.7 • 10~^^ cm^ - 
TOMCOHOBCKoe ceHeHHe H rie - HHCjio CBo6o/i,Hbix 3jieKTpoHOB B eflHHHi^e o6T.eMa. IIpii T < rUe, 
HO Bbime peKOM6HHu;HH, Kor/ia e"'"e~-napbi y>Ke aHHHrHjiHpoBajiH, njioTHOCTb sjieKTpoHOB onpe- 
flejiaeTca GapHOHHolt acHMMeTpHelt BcejieHHoti ()67p h paBHa: rig ~ 1.5 • lO^^'^T^. CooTBeTCTBen- 
Ho Tje ~ 2 • 10"^^ (3000 K/r)^ ceK, hto saMerao Kopone KOCMOjiorHHecKoro BpeMenn b6jih3h 
peKOM6HHaii;HH, ~ 10^'^ ceK. Hpn nocjieflHefi oii;eHKe mm nojiarajiH, hto bo BcejieHHoft /i;o- 

MHHHpyeT HepejisTHBHCTCKoe BemecTBO H, cjieflOBaTejibHO, ~ ~ a~^/^, r/ie MacmTaGnbiH 
cJ)aKTop y6biBaeT ot namero BpeMenn pfl peKOM6HHaLi;HH nponopi^iionajibHO OTHomeHHio tbm- 
nepaTyp 3000/2.7 = 1100. Ilocjie peKOM6HHaii;HH njioTHOCTb CBo6o/;Hbix sjieKTpoHOB na^aeT, 

npHMepHO, Ha 5 HOpa/lKOB H B3aHMO/],eHCTBHeM (jjOTOHOB MHKpOBOJIHOBOrO 4)OHa C KOCMHHeCKH- 

MH sjieKTpoHaMH MOJKHo HpeHe6peHb. B cHjiy 3Toro HacTOTHbiH cHeKTp 4)OTOHOB He MenaeTca, 
ocTaBaacb paBHOBecHbiM, bcjih oh hcxo/],ho 6biji TaKOBbiM. 

npHBe;];eHHbiH peayjibTaT ^jia r-^g HBjiHeTca xoponiHM npnGjiHJKeHHeM ^jih ou;eHKH fljiHHbi 
CBo6o/];Horo npo6era 4)otohob npn pacceHHHH na nepejiHTHBHCTCKHX sjieKTpoHax, t.k. nanpaB- 
jieHHe HMHyjibca 4)OTOHa MOJKeT snaHHTejibHO HSMeHHTbca flaJKe npn oflHOKpaTHOM pacceaHHH. 
Hto JKe KacaeTCH B03Myn];eHHH b nacTOTHOM cneKTpe (Jjotohob, to xapaKTepnoe Bpeivia hx sa- 
MbiBaHHa OKasbiBaeTCH snaHHTejibHO flfljihuie. ^ejio b tom, hto BejiHHHHa HMnyjibca hjih, hto 
TO JKe, HacTOTa cJ^OTona npn o^HOKpaTHOM pacceanHH MeHaeTCH oneHb Majio: 

(^w/w ~ ~ \IT Ivrif.^ (46) 

rfle i^e-CKopocTb sjieKTpoHa h mm npe;i;nojioJKHjiH, hto ajieKTpoHbi iiMeroT TenjioBoe pacnpe- 
/lejieHHe c TeMnepaTypoii T . IlosTOMy /ijih toto, HTo6bi OTHOCHTejibHoe HSMeneHHe nacTOTbi 
4)OTOHa OKaaajiocb nopH/i,Ka e/];HHHii;M, 6mjio 6m Heo6xoflHMO \J m^-jT pacceHHHii, ecjiH 5bi ohh 
fleitcTBOBajiH o^HonanpaBjieHO. Ho Tax KaK 3tot npoLi;ecc CTOxacTHHecKHit, KaK 6poyHOBCKoe 
flBHJKeHHe, TO HacTOTa (JjoTOHa npH cTOJiKHoseHHax 6yfleT pacTH, KaK KBaflpaTHbift Kopenb h3 
HHCjia CTOjiKHOBeHHH H BoccTaHOBjieHiie HacTOTHoro cneKTpa noTpe6yeT rrie/T CTOjiKHOBeHHit. 
CooTBeTCTBeHHO Heo6xo/i,HMoe BpeMH TepMajiH3aii,HH BospacTeT flo Ttherm ^ 10^^(eV/r)^ ceK. 
Oho cpaBHHeTCH c KOCMOjiorHHecKHM BpeMeneM npn T ~ 10^ sB, T.e. npn KpacHOM CMemeHHH 
ztherm ~ 5 • 10^, Tfle fl^jiii KocMOJioPHHecKoro BpeMeHH Mbi HcnojibsoBajiH oi^eHKy (|77p . 

Oii,eHHM eme xapaKTepnoe BpeMa neynpyroii peaKLi;HH 76 -f-)- 276, KOTopaa mojkct bjihstb na 

XHMHHeCKHH nOTeHII,HajI 4)OTOHOB, yCTpeMJIHH ero K HyjIK), eCJIH 6m oh HCXOflHO 6bIJI OTJIHHeH OT 

Hyjia. CeneHHe SToro npoii;ecca npn Majioii CKopocTH sjieKTpoHOB mojkho sanncaTb b Buji^e |14| : 
da(je — > 276) daxh "1^ do (v' x n - v x n) , (47) 

rfle do-sjieMBHT TejiecHoro yrjia, v h v' - CKopocTH HanajibHoro h KoneHHoro 3jieKTpoHOB, n 
- eflHHHHHbiH BeKTop B HanpaBjieHiiH HMnyjibca cjaoTona, aw- nacTOTa (JjoTona. ^Jia oii,eHKH 
no nopHflKy BejiHHHHbi hojiojkhm u ~ ti' ~ y^T/me, HHTerpaji no dn paBHbiM 47r 11 HHTerpaji 
duj/iiruj) = 1. B pesyjibTaTe ^jih BpeMenn peaKu;HH TopMOSHoro HSJiynenHH HaAflfiM: 

T2^e ~ Tye (a^A^^) ~ lOV^g (r/eV)^/^ . (48) 

3to BpeMH OKajKeTCH KopoHe KOCMOjioTHHecKoro npH T > 10^ sB. O^naKO TeMnepaTypa, npn 
KOTopoii npoii;ecc TopMOSHoro HSjiyneHHH CTanoBHTca paBHOBecHbiM, snaHHTejibHO HHJKe. ^e- 
jio B TOM, HTO MM He yHjiH, HTO npH BbicoKHX TBMnepaTypax njioTHOCTb e^e~-nap nepecTaeT 
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6biTb npeHe6pejKHMO Majioft h OKajKeTca Bbime npHHHToro hemh SHaneHHH ()67p . Hcnojibaya bm- 

paJKeHHe ()76p . HaH;],eM, HTO TOpMOSHOe HSJiyneHIie MOrjIO 34)c]3eKTHBHO HSMeHHTb XHMHHeCKHH 

noTeHii;Haji 4)otohob npn T > 30 ksB hjih npn KpacHOM CMemeHHH nopH^Ka 10^. Bojiee TOHHbie 
BbiHHCJieHHH npHBO/];HT K HacKOJibKO 6ojiee HHSKOMy 3HaHeHHK) TeMnepaTypbi, cm., nanpHMep, 
KHHrH |15j . 

TaKHM o6pa30M, ecjiH nepaBHOBecHbie 4)OTOHbi BnpbicKHBaioTca b njiasiviy npn 10^ eV < T < 
3 • 10^ eV, TO ynpyroe 7e-pacceaHne /iojijkho 6bi npHBecTH 4)yHKii;Hio pacnpe^ejieHHii 4>otohob k 
BH^y (|29p c 7^ 0. T.K. Macca (J^OTona paBHa nyjiro, to fj, mo^kbt 6biTb TOjibKO OTpHii,aTejibHbiM. 
0/i,HaKO Tpe6yeMoe SHaneHiie fi saBHCHT ot cooTHomeHHH njioTHOCTH 3HeprHH, 6p, n HHCjia ^o- 
nojiHHTejiBHbix 4)OTOHOB, 5n, B e/],HHHLi,e o5'beMa. YcjioBHe fi < 5yfleT BbinojiHeno jinnib npn 
;];ocTaTOHHo 6ojibmoH njioTHocTH (5/9 no cpaBHeHHio c 5n. Mbi mojkbm jierKo oii;eHHTb Tpe6ye- 
Moe cooTHomeHHe, npeneGperaa KOCMOjiorHHecKHM pacmnpeHHeM, xoth yneT nocjie^Hero h ne 

npHBOflHT K 6ojIbmHM Tpy^HOCTHM. 

B pesyjibTaTe TepMajiH3aii;HH sa chbt ynpyroro pacceHHHH TeMnepaTypa 4)otohob CTaneT 
T' = T + 6T, r^e T-HanajibHaa TeMnepaTypa pabnoBecnon nacTH cjaoTonnoro rasa. HojiaraH, 
HTO 6T/T H /i/r Majibi, pasjiojKHM BbipajKenHH ()22p n (|23p pp nepBoro nopH/;Ka no = /i/T: 

n(r,M) = ^ / ff , fl+ ,\ A , (49) 
vr^ J exp(zj — 1 V exp(2:) — 1/ 

p{T,f,) = — ^— ^ 1 + ■ 50 

7r"= J exp(z) — 1 V exp(2:) — 1/ 

CpaBnenne nncjienno Bbinncjiennbix Tonnbix nnTerpajioB c sthm npnGjinjKennbiM otbbtom no- 
KasbibaeT onenb xopomee corjiacne npn Majibix ^. HanpnMep, npn ^ = —0.2 OTjinnne cocTabjiaeT 
7% fljiH n H 3% fljiH p. 

B CHjiy Toro, hto npn ynpyroM pacceannn nncjio 4)OTonoB a nx njioTnocTb sneprnn coxpa- 
naioTCH, Mbi MOJKBM sanHcaTb: 

n{T',p) = n{T,0) + 5n, p{T' , p) = p{T,0) + 5p, (51) 

r/ie n{T,0) = O.IAT^ n p{T,0) = 

KaKaa-TO nepeKanxa sneprnn BOSMOJKna b sjieKTpoHbi, no nx nncjio onenb Majio no cpaB- 
nennio c hhcjiom cJjoTonoB, a KpoMe Toro, KaK mm ybHflHM, npo6jieMa BosnnKaeT npn Majioft 
Bejinnnne 6p, nosTOMy flonojinnTejibnaa yTenxa sneprnn b 3jieKTponnbiH ceKTop tojibko ycyry- 
6ht npo6jieMy. 

Bxo;i;5in],He b BbipaJKenna (|49p n (|50p nnTerpajibi npn ^ = nsBecTnbi, a Te, hto nponopu;H- 
onajibnbi ^, MOJKno bshtb nncjienno n mm nojiynnM cjie/];yion;He BbipajKennH fljiH 6T/T n p/T 
Hepea 5n = 0.24r^x m dp = (7r^/15)T^y, rp^e mm bbbjih noBbie GespasMepnbie napaMeTpbi x n y. 
CooTBeTCTBenno nojiynnM: 

C = p/T 3.5x - 2.6y, 5T/T 0.3y - O.lx. (52) 

Bn^no, HTO p HMeeT paapemennoe OTpHn;aTejibnoe snanenne jinuib npn flocTaTonno SojibmoM 
BnpbicKe sneprnn no cpaBnennio c hhcjiom cJjotohob, y > 4x/3. 

BosHHKaeT ecTecTBennbin Bonpoc, a hto jkb 5yfleT, ecjin 3to cooTnomenne ne BbinojinaeT- 
CH? no-BHflHMOMy, OTBeT cocTonT B TOM, HTO npe/];nojioJKenne o coxpanennn nncjia cjiOTonoB 
ne cnpaBefljinBO. H 3to flencTBHTejibno Tax, noTOMy hto KajKflbiii npon,ecc ynpyroro paccea- 
nna conpoBOJKflaeTca KjiaccnnecKHM nsjiynenneM 6ojibmoro nncjia MarKnx (JjoTonoB, KOTopbie 
TepMajiHsyioTca, npnoGpeTaa TenjioBon cneKTp npn nocjieflyroui,eM pacceannn na sjieKTponax. 
OflnaKO, corjiacHO npnBe^ennbiM Bbime cooTHomennaM npo6jieMa BosnnKaeT ne ns-sa ne^o- 
CTaTKa 4)OTonoB, a ns-sa nx ns6biTKa. IlosTOMy neo6xo;],nM MexannsM norjiom;eHHa jinninnx 
4)OTonoB. B npHHri;Hne on Mor 6bi ocyn;ecTBjiaTbca sa chbt o6paTHoro TopMosnoro nsjiynenna, 
T.e. norjiom;eHHa MarKHX (Jdotohob b peaKri;HH 276 — ■ye. 
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CneKTp pejiHKTOBbix cJjotohob Mor 5bi 6biTb HCKajKen ii3-3a noaBjieHHH b njiasMe 6ojiee 
ropHHHX HjiH 5ojiee xojioffHbix sjieKTpoHOB. 3to Morjio 6bi npoHsoiiTH b pesyjibTaxe pacna- 
fla KaKHX-TO HOBbix flOJiroJKHBymnx nacTHii, c HcnycKaHneM sjiexTpona hjih aHHHrHjiaii;HH jier- 
KHX HacTHu; B e~^e~ napbi. HnTepecHbiM KaHflH^aTOM SBjiHioTca MHjijiH-sapHJKeHHbie HacTHii;bi 
c MaccoH nopaflKa MsB [31j . ^pyrHM hctohhhkom nepaBHOBecHbix 3jieKTpoHOB Mor 6bi 6biTb 
TajKejibiit 3apa>KeHHbiH 6o30h, pacna/],aK)iii;HHca na sjieKTpoH h THJKejioe HeiiTpHHO. nocjie/i,Hee 
npe^nojioJKeHHe He cjihuikom peajiHCTHHHO, ho mo^kbt nofloiiTH, KaK MOflfiJib p^jisi paccMOTpe- 
HHa HHTepecHOH KHHeTHKH. AHajiorHHHoe SBJieHHe HMeeT MecTO, Kor^a pejiHKTOBoe H3jiyHeHHe 
noHa/];aeT b o5jiacTb, rjifi HMeeTca HOHH30BaHHoe BemecTBO. Hpn 3tom B03HHKaeT H3BecTHbiH 
34)4)eKT B03Mym;eHHa cneKTpa, HaiifleHHbiH SejibflOBHHeM h CiOHaeBbiM [TB] npn paceaHHH pe- 
jiHKTOBoro HSJiyneHHS na ropannx sjieKTpoHax b rajiaKTHKax hjih hx CKOHjieHHHX. HpH 3tom 

CHCKTp 4)OTOHOB OTKJIOHHeTCH OT paBHOBeCHOrO CHeKTpa H He OHHCblBaeTCH TeMHepaTypHOH 

4)yHKD;HeH ()29p . HpH Majibix nacTOTax B03HHKaeT fle4)HH,HT cJjotohob, a npn 6ojibmHX - H36bi- 

TOK. 3tO CBJI3aHO C TeM, HTO BpeMH B3aHMOfleHCTBHH (hJIH OHTHHeCKaH TOJIH^a) He/];OCTaTOHHO 

BejiHKO, HTo6bi 4)0T0Hbi TepMajiHSOBajiHCb . HpH HOjiHOH yHpyroH TepMajiH3aH;HH TeMHepaTypa 
cjjoTOHOB flojiJKHa 6bijia 6bi BbipacTH. EcjiH 6bi HX HHCjio He MeHHjiocb, KaK 3TO o6biHHO npejjjio- 
jiaraeTCH, to TaKoe cocTOHHHe 6bijio 6bi mojkho onncaTb cJ^opMyjioft (|29|) c < 0. O^HaKO npn 
pacceHHHH Ha xojioflHbix 3jieKTpoHax c Tg < Hojinaa TepMajiH3aH;HH HOTpe6oBajia 6bi hojio- 

JKHTejIbHOrO XHMHHeCKOrO HOTeHH,Hajia, HTO HeB03M0JKH0. 9tO yKa3bIBaeT, HTO HpeflHOJIOJKeHHe 
O HOCTOHHCTBe HHCJia (JjOTOHOB flOJIJKHO 6bITb OTBeprHyTO H B 3TOH CHTyaH;HH. O/lHaKO, T.K. HpH 

o^HOKpaTHOM pacceHHHH nepe/iana SHeprnn ot sjieKTpona k MHrKOMy (|)OTOHy cocTaBjiaeT Bcero 
^^Bs/^BS ~ \/Te/'me, TO TepMajiH3au,HH TopM03Hbix (BS=bremsstrahlung) cJ^otohob HOTpe6y- 



eT OHeHb 6ojibmoro HHCjia coyflapeHHit: ~ y^rn^jT],{T^/LOBs) h, cjie^oBaTejibHO, 6ojibmoro 

BpeMeHH, no3TOMy b peajiHCTHHecKOH CHTyau,HH cneKTp mhtkhx 4)otohob MOJKeT 3aMeTH0 otjih- 
HaTbCH OT paBHOBecHoro. 

5.3 HepaBHOBecHOCTb MaccHBHMx nacTHu, 

MaccHBHbie HacTHu;bi b kocmojiofhh Bcer^a otkjiohhkjtch ot paBHOBecHH. 3to OTKjioneHHe 
MOJKeT 5biTb coBceM He6ojibmHM hjih snaHHTejibHbiM h b HocjieflHeM cjiynae nrpaeT BaJKHyio 
pojib B 4)opMHpoBaHHH coBpeMeHHOH BcejieHHOH. B HacTHOCTH, B o6biHHOM cu;eHapHH c sapaflOBO 
CHMMeTpHHHoit BcejieHHOH xojio/i,Haa HJIH TeHjiaa TeMHaa MaTepna npaKTHHecKH 6bi OTcyTCTBO- 
Bajia, ecjin 6bi ona Kor/i;a-TO He Bbirajia h3 paBHOBecna. 

JXjih ou;eHKH BejiHHHHbi OTKjioHeHHa OT paBHOBecHOCTH Ha paHHeii CTap^nn saHHineM KHHe- 
THHecKoe ypaBHenne (|43p b Buj^e: 



rflis HHTerpaji CTOjiKHOBeHHH saHHcan b HpnGjiHJKeHHOM jiHHeapHSOBaHHOM BH^e, a F Hpe/i,CTaB- 
jiaeT C060H 34)4)eKTHBHyio CKopocTb BsaHMOfleficTBHa. HanpHMep, fljia pacna^a HacTHH;bi T - 
3TO iHHpHHa pacHafla, a fljia pacceaHHa T = van, rj^e a - ceneHHe Hpou;ecca, n - HjioTHOCTb 
CTajiKHBaiomnxca nacTHu;, a u - hx CKopocTb b CHCTeivie H,eHTpa Mace. 



06biHH0 3aMeTHoe OTRjionenne ot paBHOBecna B03HHKaeT npn TeMHepaTypax cpaBHHMbix c Mac- 
coii. HanoMHHM, hto 6e3MaccoBbix nacTHii, paBHOBecne ne HapymaeTca. IIoceMy hojiojkhm 





(53) 




(54) 




3TOM 




X 



,2 



Hx 



mT 



r 



mpiT 



(55) 
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Sflecb no nopHflKy BejiHHHHbi jih6o F ~ am (flJiH pacna/ia), jih6o F ~ a^m flJiH flByxHacTHHHoro 
pacceHHHH H a ~ 10~^ - THnnnnaa sejiHHHHa KOHCTaHTbi BsaHMOfleftcTBHH, xoTa OHa MOJKeT 6biTb 
H HaMHoro MeHbine. IlpH oii;eHKe cenenHH pacceaHHH npe;],nojiarajiocb, hto T ~ m. 

HpHBe/ieHHbie 3/];ecb o6mHe oii,eHKH MoryT MOflHcJ^Hi^HpoBaTbCH b pasHbix cJjHSHHecKHX ycjio- 
BHHX. HanpHMep, paBHOBecne OTHOCHTejibHO aHHiirHjiaii,HH MaccHBHbix nacTHu;, o6biHHO napy- 
maeTca npn T ~ 0.1m — O.Olm, o/iHaKO hx KHHeTHHecKoe paBHOBeciie MOJKeT no/mep>KHBaTbca 
HaMHoro /];ojibine [j\o Sojiee hhskhx T) sa chbt ynpyroro paccesHHH c ^OMHHHpyromHMH jierKHMH 
HacTHii,aMH B njiasMe. ^ejio b tom, hto BsaHMOfleficTBiie c jierKHMH HacTHii;aMH nponopi^Honajib- 
Ho njioTHOCTH nocjieflHHX, KOTopaa nopa^Ka T^, b to BpeMH, KaK BepoHTHOCTb aHHHrHjiHii;HH 
nponopii,HOHajibHa njioTHOCTH napTHepoB fljia aHHHrHjiai^iiii, KOTopaa npn T < m 9KcnoHe- 
HHajibHo noflaBjiena. CoBepniHTb napnoe "caMoy6iiHCTBo"cTaHOBHTca Bce Tpy^nee c na;];eHHeM 
TeMnepaTypbi h noTOMy HacTHii,bi TeMHOii MaxepHH MoryT BbiJKHTb b KOCMOjiorHHecKH HHTepec- 
HOM KOJiHHecTBe (cM. HHJKe pa3jieji [53]) ■ 

EcjiH TajKejibie HacTHu;bi Haxo/];aTca b KHHeTHHecKOM pasHOBecHH c 6e3MaccoBbiMH, KOTopbie 
flOMHHHpyioT B nepBHHHOH HjiasMB, TO HX TeMnepaTypa OKasbiBaeTca paBHoli TeMnepaType 6e3- 
MaccoBbix HacTHu; h na^aeT no aaKony T ~ 1/a. Ecjin JKe MaccHBnbie nacTHn;bi JKnByT caMH 
no ce6e bo BsanivinoM KnneTnnecKOM paBnoBecnn, to hx pacnpeflejienne /^ojijkho hmbtb (JjopMy 
/ ~ exp(— p^/2mT). Ilpn 3tom b cnjiy Toro, hto p na;];aeT, KaK 1/a, TeMnepaTypa /lOJiJKna 
na/],aTb, xaK l/a^. KonTaKTnpya c ppyrmMH JierKHMH nacTHn;aMH, 3th Maccnsnbie HacTHu;bi pa- 
5oTaK)T, KaK "xojioflHjibHHK", npHBOfla K 6ojiee 6bicTpoMy ocTbiBannio jierKHX nacTHu;. 

EcjiH >Ke MaccHBHbie nacTHn;bi nojinocTbro npeKpaTHJin BcaKoe BsaHMOflelicTBHe, to hx cJ^ynK- 
n;Ha pacnpe^ejienna MOJKeT nanoMnnaTb paBHOBecHyro, tojibko bmbcto sneprnn nacTHu; ona 6y- 
jier, corjiacno ypabnennio (j44p , saBHceTb ot hx HMnyjibca, KaK 3to hmbbt MecTO fljia MaccHBHbix 
neitTpHHO B coBpeMeHHOH BcejiennoH, cm. HHJKe ypaBnenHe (|58p . 

5.4 HepaBHOBecHOCTb HeiiTpHHO 

Bbime Mbi roBopnjiH, hto 4)ynKu;HH pacnpe/iejienHa 6e3MaccoBbix nacTnn; coxpanaroT paB- 
HOBecnyro 4)opMy ^ajKe npn BbiKjnonennn BsaHMO/iencTBHa. OflnaKO fljia neHTpnno 3to ne TaK, 
/laJKe B CTporo 6e3MaccoBOM npe^ejie. ^ejio b cjie/iyron^eM. Ilpn TeMnepaTypax, rpy6o roBopa, 
Bbime MsB, Bce HacTHn,bi: cJ^OTonbi, sjieKTponbi, noBHTponbi n nenTpHHO naxo/iaTca b nojinoM 
TenjioBOM paBHOBecHH H HMeK)T oflHHaKOBbie TeMnepaTypbi. HenTpnno OTKjiionaioTca ot sjibk- 
TpoMarHHTnoii KOMnoneHTbi njiasMbi, T.e. ot j,e~,e~^ npn TeMnepaType nnace MsB. HpiiMepHO 
B TO JKe BpeMa npn 5jni3Kiix TeMnepaTypax npoHcxo^HT narpeB sjieKTpoMarnnTHon KOMnonen- 
Tbi 3a cneT e~e"'"-aHHiirHjiaii;HH. HosTOMy TeMnepaTypbi neiiTpiiHO n ajieKTponoB c no3HTpoHaMH 
CTanyT pa3jiHnnbi. HocKOJibKO B3aHMOfleHCTBHe e n v BbiKjiionaeTca ne MrnoBenno, to o5MeH 
sneprnaMH MBJK^y ropaHiiMH sjieKTponaMH h xojio;];nbiMH neliTpHHO no/iorpebaeT HeHTpnno, a 
TaK KaK ez^-B3aHM0/];eHCTBHe ciijibnee npn bbicokhx snepriiax, to neHTpnno narpebaioTca ne paB- 
HOMepHO, a CHjibHee b BbicoKOSHeprHHHoii nacTH cneKTpa, hto h npHBO/iHT k ero nepaBnoBecnoH 
4)opMe. HcKajKeHHe cneKTpa 6bijio BnepBbie nocnnTano b pa6oTe [17J, npnneM anajiHTHHecKH, n 
6bijio HOJiyneHo: 



(TOHHee B ii;HTHpyeMOH pa6oTe 6biji nponymen (JjaKTop 2 h nonpaBKa k cneKTpy OKa3ajiacb 
B/iBoe MCHbine npHBCflennoro 3p,ech BbipaJKeHHa) . Tonnbie HHCjiennbie pacneTbi [TBj no/iTBep- 
jK^aioT pe3yjibTaT (|56p . KOTopbiH npnBOflHT k TOMy, hto njioTnocTb sneprnn v^. BbipacTCT, KaK 
^Puel Pve. — 0.83%. HonpaBKn k cneKTpaM n Vr npHMepno b^boc Menbine. CooTnonienne 
c flpyrHMn pa6oTaMn, Tj\e 6bijiH npoBe/ienbi anajiornnnbie Bbinncjienna, o6cy>KflaeTca b 0630- 
pe [19) . B pe3yjibTaTe SToro /lonojinnTejibnoro narpcBa cyMMapnaa njioTnocTb sneprnH Bcex 
Tpex THnoB neiiTpHHO 6y/];eT 34)4)eKTHBno OTsenaTb ne TpeM TnnaM neHTpnno, /i,Jia KOTopbix 




(56) 
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HarpeB He yHTen, a 3.0339. KpoMe SToro, njiasMeHHbie nonpasKii yMeHtmaroT njioTHOCTb 3Hep- 

THH 4)OTOHHOH KOMnOHeHTbl |20j . HTO 6111,6 H6MHOrO yB6JIHHHBa6T OmHOCUmeAbHyW njIOTHOCTb 

3HeprHH HeliTpHHo, flOBOfla 66 jio 3.0395. 

KaK HSBecTHO, yBejiHHeHHe hjiothocth 3HeprHii sa ch6t flonojiHHT6jibHbix nacTHu; no otho- 

m6HH6 K njIOTHOCTH (JjOTOHOB B n6pHOfl n6pBHHHOrO HyKJI60CHHT63a BJIHH6T Ha BblXOfl JI6rKHX 
SJieMBHTOB H3-3a SaBHCHMOCTH T6MHa OXJiaJK/^eHHH BC6JI6HHOH OT HHCJia THHOB paBJIHHHblX Ha- 

CTHH, B Hjia3M6. ITocjie^Hee jiaeTcn ko34)4)hh,h6htom g^, b ypaBH6HHH (|4ip . B nacTHOCTH, HacTHu;a 
c HjioTHOCTbRD BHeprHH paBHOH SHeppHH o/;Horo 6e3MaccoBoro (hjih jierKoro, m < 0{MeV)) h6h- 

TpHHO yB6JIHHHJia 6bl KOJIHH6CTBO HpOH3BefleHHOrO '^He npHM6pHO Ha 5%. HaHBHO CJieflOBajIO 

6bi oJKH/iaTb, HTO o6cyjK/],aeMaH sj^ecb nonpaBKa npHB6jia 6bi k yB6jiHHeHHio rejiHH na 0.2%. 
O^HaKO scjpcJieKT OKa3biBaeTCH na ypoBH6 0.01%. J\ejio b tom, hto OTKjioHeHHe CH6KTpa Vf, ot 

paBHOBeCHOrO HenOCp6flCTB6HHO BJIHHeT Ha OTHOm6HHe HHCJia HeilTpOHOB K HpOTOHaM 3a CHeT 

peaKu;HH 



p + e ^n + Ue, p + I'e ■'^ n + e . 



(57) 



HsGbiTOK npH BbicoKHX SHeprnax npHBOflHT k yMenbrneHHio KOJiHH6CTBa h6htpohob npn 4)op- 
MHpoBaHHH jierKHx sipfip H o6a 34)4)eKTa hohth coKpamaroTCH (cm. ypaBH6HH6 (j79p b IIpHjio- 
jKeHHH II H o6cyjK/];eHHe hocji6 Hero). O/inaKO bjihhhh6 flonojiHHTejibHbix neliTpHHO na yrjioBbie 
4)jiyKTyau;HH cjjona pejiHKTOBbix 4)otohob h6 noflaBjieno a npn tohhocth (Kor^a-TO b 6yflyHi,eM?) 

H3MepeHHH Ha HpOU;eHTHOM ypOBHe Uaflp OJKHflaTb OTJIHHHH ScJacJieKTHBHOrO HHCJia THHOB H6H- 

TpHHO, OHpe/iejieHHoro ho KOJinnecTBy nepBHHHoro rejina hjih fleHTepna, ot Toro JKe KOJinnecTBa, 
onpeflejieHHoro ho CMB, npHMepno na 0.04. 

3aM6THM eHi,6, HTO B CHjiy HeHyjieBOH Maccbi HeiiTpHHO Hx pacHpeflejieHHe 3aMeTHO otjih- 
HaeTca ot paBHOBecHoro b coBpeMeHHoft BcejieHHolt, Kor/i,a HMHyjibc neiiTpHHO CTaji Menbrne hx 
Mace. Oho hmcct bh/i; 



(58) 



1 + exp[(p - fi)/T] ■ 

IlapaMCTp T, BxoflHH;HH B 3TO pacHpe/];ejieHHe, y6biBaeT npn pacmnpenHH, KaK 1/a h b nacTOH- 
mee BpcMa npHMepno paBen 2° K, no, oneBn^no, ne HBjiaeTCH TeMnepaTypon, t.k. b 3KcnonenTy 
Bxo/iHT ne sneprna, a HMnyjibc. 

XnMnnecKnii HOTeHH;Haji, ^, xapaKTepHpH3yeT pa3HOCTb MeyKjxy hjiothocthmh neiiTpHHO h 
anTHneHTpnno, T.e. jienTonnyro acHMMeTpnro, ecjiH fj, p,. Ilpn coxpanennn SToii pa3nocTn b 
conyTCTByromeM oGt-cmc H OTHOHienne ^ = fi/T ocTaeTca nocToannbiM npn pacmnpennn. Ha- 
homhhm, hto ecjiH acHMMeTpna MeyKjxy n P 6bijia renepHpoBana, Kor/],a neiiTpHHO 6bijin b 
paBHOBecHH, TO p, = Pa3HOCTb MeyKffy hjiothocthmh neiiTpHHO h aHTHHCHTpHHO flaeTca bbi- 
paJKCHHeM ()35p . BejiHHHHa XHMHnecKoro HOTeHH,Hajia neiiTpHHO hjioxo H3BecTHa. CaMoe CHjibHoe 
orpaHHHeHHe HOJiynacTca h3 HepBHHHoro nyKjieocHHTesa. HjioTHOCTb aneprHH neHTpHHO hjikic 
aHTHHeHTpHHO HpH 7^ 0Ka3biBaeTCH Bbime, HCM npH /i = 0: 



Pf + Pu 



1 

7 TT^T^ 



dpp^ 



1 



8 15 



7 V vr 



eP/r-e + 1 

2 



+ 



1 



+f - 

7 V vr 



eP/T+i + 1 

4' 
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3Ta ;];oHOJiHHTejibHaa 3HeprHa mojkct 6biTb OHHcana, KaK B03pacTaHHe scJicJieKTHBHoro HHCjia 

HCHTpHHO: 
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ConyTCTByiomHM o6BeMOM nasbiBaeTca o6'BeM, KOTopbiii pacmnpaeTca BMecTe co BcejreHHoii, T.e. ero bbjth- 

3 

HHHa nponopLi,HOHajibHa a 
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CorjiacHO coBpeMeHHbiM flaHHbiM nepBHHHbiit nyKjieocHHTes paspemaeT AA'^i, ?a 1 h cooTBeT- 
CTBCHHO ^ < 1.5. 3to orpaHHHeHHe cnpaBe/iJiHBo ^jih h z^,-. ^jih I'e orpaHHHeHHe saivieTHo 
CHjibHee: S,,^^ < 0.1, noTOMy hto, corjiacHo cKaaaHHOMy Bbime, KHHeTHKa peaKLi,HH ()57p nanpa- 
Myro saBHCiiT ot pacnpe/],ejieHHH sjieKTpoHHbix HeliTpiiHO. B 3tot mombht yiviecTHO BcnoMHHTb 
o6 ocii,hjijihii;hhx HeliTpHHO. ripH 3KcnepiiMeHTajibHO HSMepeHHbix GojibuiHX yrjiax nepeMeniHBa- 
HHH jienTOHHaH acHMMBTpHH B ceKTope jiK)6oro THna HeiiTpHHO paBHOMepHO nepeMeniHBaeTca 

MeJK/iy BCeMH TpeMa THnaMH, I/g, H I'r- HoSTOMy OrpaHHHeHHe ^ < 0.1 flOJIJKHO BbinOJIHHTbCH 

jljisi jiio6oro THna nefiTpHHO [21j. 

5.5 SaKajiKa (saMepsaHHe) KOHLi,eHTpaLi,HH MaccHBHbix nacTHu, 

^OBOjibHO HHTepecHaa KHHeTHKa npoHBjiaeTCH npn aHHHrHJismHH MaccHBHbix nacTHU, (o6o- 
3HaHHM Hx X) B paHHelt BcejieHHOH. EcjiH 5bi paBHOBecHe nofti;epjKHBajiocb "flo 6ecKOHeHHOCTH", 

a aCHMMBTpHH Me^KflJ 3THMH HaCTHH,aMH OTCyTCTBOBajia, T.e. 6bIJIH 6bl paBHbl KOHH,eHTpaH,HH 
TaKHX HaCTHU; H aHTHHaCTHU;, TO K HaCTOHn],eMy BpeMCHH HX 6bl COBCeM He OCTajIOCb H HHKaKO- 

ro BKjia/];a b TeMHyro MaTepHro ohh 6bi ne cflejiajiH. OflnaKO, aHHrHjiHu;HH b KaKoft-TO mombht 
ocTaHaBjiHBaeTCH h Hocjie SToro KOJinnecTBO 3thx nacTHu; b coHyTCTByKiui,eM o6beMe CTano- 

BHTCH nOCTOHHHblM. IIpHGjIHJKeHHO MOJKHO OU,eHHTb KOCMOJIOrHHeCKyK) HJIOTHOCTb 3THX HaCTHH; 
cjie/];yKin],HM o6pa30M. Ha^o CpaBHHTb TeMH aHHHrHJI5IH,HH i ann — ^ ann^'^X ^ TGMHOM KOCMOJIO- 
THHecKoro pacHiHpeHHa, H ~ T"^ /mpi. AHHHrHjiHu;HH 34)4)eKTHBHO HpeKpaTHTCH, Korfla CTaneT 
Tann < H. OTCK)fla, HOjiaraH T ~ mx, nojiyHHM, hto njioTHOCTb X- nacTHU, no OTnomenHK) k 

njIOTHOCTH 4)OTOHOB CTpeMHTCH K HOCTOaHHOH BejIHHHHe: 

nx/n^i w {aannvmxmpi)"^ . (61) 

3to BbipajKenne onpe^ejiaeT, b nacTnocTH, hjiothoctb nacTHi; TeiviHOH MaTepnn, ecjin hsbbctho 
cenenne nx BsanMnoH aHHHrHjian,HH. Tonnbift pesyjibTaT OTjinnaeTca ot npHBeflennoro jinnib b 
necKOJibKO pas. 

AKKypaTHbiit pacneT acHMHTOTHnecKoit KOHu;eHTpau;HH CTaGnjibHbix, ho anHHrnjinpyron^HX 
X-nacTHu; Tpe6yeT He6ojibmHX ynpomaromnx Hpe^HOjiojKeHHH h npocTbix MaHHHyjiau;HH c kh- 
HCTHHecKHM ypaBHeHHCM (|26p /iJiH fx- Bo-HepBbix, npe/inojiaraeTca, hto b HHTerpaji ctojik- 
hobbhhh (I27p /];oMHHHpyK)Hi,HH BKjiafl BHOCHT yHpyroe pacceHHHe, KOTopoe naMHoro 6bicTpee 
Xa66jiOBCKoro pacmnpeHHa, hto npHBOflHT k 4)yHKii;HH pacnpeflejieHHH X-nacTHu; BH/];a: 

/x = exp[-(i?x-M)/T]. (62) 

3flecb HeHBHO coflepjKHTCH npe/inojiojKeHHe, hto saMepsanne X-nacTHX npoHcxo/iHT npn T <C 
mx, Kor^a CTanoBHTCH cnpaBe/],jiHBOH CTaTHCTiiKa Bojibi^Mana. HapaMeTp /i nasbiBaroT scJ^cJ^eK- 

THBHblM XHMHHeCKHM HOTeHI^HajIOM H B CJiyHae paBHOrO HHCJia X H X HaCTHU;, T.e., KaK roBopsT 
SapaflOBO-CHMMeTpHHHOH X-MaTepHH, XHMHHeCKHe nOTBHI^HajIbl flOJIJKHbl 6bITb paBHbi: = 11. 

Hpe/inojiaraeTeca, hto b nanajibHOM cocthhhh p, = h = 0. BosHHKHOBeHHe nenyjieBbix XHMHHe- 
CKHX noTeHu;HajioB OTpaJKaeT Bbixo/i; h3 paBHOBecHH npoii;ecca aHHHrHjiHu;HH. 

Tenepb mm c^ejiaeM npocToe, ho saMenaTejibHoe ^eiicTBHe, KOTopoe hobbojiht HCKjiroHHTb 
H3 HHTerpajia CTOJiKHOBeHHit flOMHHaHTHyio ynpyryio nacTb, a ocTaBHTb jinnib aHHHrHjiHii;H- 
OHHyro. HMeHHO, npoHHTerpHpyeM o6e nacTH KHHeTHHecKoro ypaBHeHHH no d'^px /[2Ex {^tt)^]. 
B pesyjibTaTe 6ojibmoH BKjia/i; ynpyroro pacceannH ncnesaeT ns nnTerpajia CTOJiKHOBennn, no 
TeM ne Menee on cJ^nKcnpyeT onenb npocTyro aaBHCHMOCTb fx ot sneprnn ()62p . OcTaBmnncH 
annHrnjiHu;HonnbiH nnTerpaji jierKO 6epeTCH n mm nojiynnM: 

nx = -{cFannv) {n\ " ""X^^^) > (63) 

Tj\e cko6kh (...) osnanaroT ycpe/^nenne no pannonecnoMy TeMnepaTypnoMy pacnpeflejiennro. ^jih 
nepejiHTHBncTCKHX nacTnn; 3to ycpe^nenne necymecTBenno. 
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3to ypaBHeHHe 6bijio Bnepsbie BBefleno b pa6oTax |22] b 1965 rofly h Sbijio HcnojibsaBano b 
pa6oTax |23j jj^jisi BbiBO/i,a KOCMOjiorHHecKoro orpaHHHeHHHH na Maccy THJKejioro jienTona, nosTO- 
My 9TO ypaBHeHHe nepeflKO nasbiBaiOT ypaBHBHHeM JlH-BaHH6epra, hto ne snojine cnpaBBfljiHBO. 

B npeflejie Gojibuioh BejiHHHHbi aannV 3to ypaBHeHHe c xopomeit tohhoctbio pemaeTCH ana- 

^ (e<?) 

jiHTHHecKH, fljiH Hero HHTepsaji H3MeHeHHH nx flejiHTCH Ha flfie nacTH, Kor/],a nx ~ ^ 

Korfl^a TL'x'^ ^ nx h BTopbiM cjiaraeMbiM b CKo6Kax mojkho HpeneGpenb. OnncaHHe TaKoro, xo- 
TH H HpH6jiHJKeHHoro, HO BecbMa TOHHoro anajiHTHHecKoro pemeHHH npHBe/ieno, nanpHMep, b 
o63ope |24) . 

B nocjiejxaee BpeMH flOBOJibHO mnpoKO paccMaTpHsaeTCH BOSMOJKHOCTb Tax nasbiBaeMOH 

aCHMMeTpHHHOH TeMHOH MaTepHH, KOr^a Ha paHHeft KOCMOJIOrHHeCKOll CTa^HH B03HHK H36bITOK 

HacTHH, Hafl aHTHHacTHH,aMH (anajiornHHO 6apHOCHHTe3y) . B 3tom cjiynae aHTHHacTHH,bi hohth 
coBepmeHHO HCHe3aK)T, a hjiothoctb ocTaBHiHXCH nacTHH, onpeflejiHeTCH hx HepBOHanajibHbiM 

H36bITKOM. 



6 KHHGTHKa npH HapymeHHH CPT 

KaK Mbi BHflejiH Bbime b pa3/];ejie 21 napymeHHe C h CP ne BjinaeT na cjsopMy paBHOBecHbix 
pacHpeflejieHHH nacTHu; h aHTHHacTHU,. YcjioBHe fleTajibHoro Gajianca, KOTopoe cnpaBe/iJiHBO npn 
HajiHHHH T-HHBapHaHTHOCTH, He BbiHOjiHaeTCH , ecjiH Hapymeno CP, xoth h HMeeT MecTO CPT 
TeopeMa. OJ^^sxo ycjioBHa yHHTapnocTH MaTpHU,bi pacceHHHH hjih CPT-HHsapHaHTHOCTH npn 
coxpaHeHHH BepoHTHocTH o6ecHeHHBaeT BbiHOJiHeHHe TaK Ha3biBaeMoro H,HKjiHHecKoro 6ajiaHca, 
HTO B CBOK) OHepeflb HpHBOflHT K coxpaHeHHK) KaHOHHHecKOH cJjopMbi paBHOBecHbix pacHpe/iejie- 
HHH (|29p . OflHaKO, ecjiH CPT-nHBapnaHTHOCTb paspymena, to b 3aBHCHMOCTH ot CTeneHH "na- 
TOjiorHHHOCTH" TeopHH KaHOHHHecKHe paBHOBecHbie pacHpeflejieHHH MoryT H3MeHHTbCH. rioKa 
Hpe/iHOJiOJKHM, HTO 3Toro He HpoHcxoflHT. BosMOJKHOCTb H3MeHeHHH paBHOBecHbix pacHpe/iejie- 
HHH npH HapymeHHH CPT o6cyjK/];aeTCH HHJKe. 

HpH HapymeHHH CPT Maccbi nacTHH, h aHTHHacTHU, MoryT CTaTb pa3HbiMH. BpeivieHHO flony- 

CTHM, HTO 3TO /leHCTBHTejIbHO TaK. EcjIH MaCCbl He paBHbl, TO HJIOTHOCTH HaCTHU; H aHTHHaCTHH; B 

TeHjioBOM paBHOBecHH HpH HyjieBbix xHMHHecKHx noTeHn;Hajiax 6yflyT pasjiHHHbi h, b nacTHocTH, 

6apHOHHaH aCHMMeTpHH MOJKeT B03HHKHyTb B COCTOHHHH TepMOflHHaMHHeCKOrO paBHOBeCHH: 

nB - n§ ^ ^^-{rn^ - m'^)T dy exp{-my/T) y/y'^ -1, (64) 

r^e gB-SapHOHHbiH 3apHfl paccMaTpHsaeMbix nacTHH,. O^naKO flJiH BOSHHKHOBeHHH HenyjieBofi 
HJIOTHOCTH 6apHOHHoro HHCJia Heo6xoflHMO ero HecoxpaneHHe na KaKOH-TO CTa/iHH. HpH coxpa- 
HeHHH B HJIOTHOCTb 6apHOHHOrO HHCJia flOJIJKHa OCTaBaTbCH paBHOH HyjIK) H 3TO HpHBOflHT K 

reHepau;HH HenyjieBoro XHMHHecKoro HOTeHH;Hajia: 

f{d^p/E)p{E,T,0)e^/^ 

M= ? n TT, ^ ,rr. 1710171. 65 

ITpH HepaBCHCTBe Mace nacTHU, h aHTHHacTHi^ mo^kbt OKa3aTbC5i bo3mo>khoh reHepau;Ha 6a- 
pHOHHOH acHMMeTpHH Ha 3jieKTpocjia6oH mxajie necKOJibKO Bbime 3jieKTpocjia6oro 4)a30Boro 
nepexofla. KaK npHHHTO CHHTaTb, npn 3thx TCMHepaTypax ne coxpanaioTCH hh 6apHOHHoe, hh 
jieHTOHHoe HHCjia. B CTaH^apTHoft TeopHH 3tot ci^enapHH npHBO/iHT k hhhtojkho Majioii SapnoH- 

HOH aCHMMCTpHH H3-3a MajIOTO OTKJIOHCHHH OT paBHOBCCHH H CJia6oCTH CP-HapymeHHJI. OflHaKO 

npn HapymeHHH CPT h B03HHKaK>mero b CHjiy SToro pa3jiHHHa Mace KBapKOB h aHTHKBapKOB 
6apHOHHaH acHMMCTpna BHOJine MOJKeT flocTHraTb Ha6jiK)flaeMoro 3HaHeHHa, t.k. ne Tpe6yeTCH 
HapymeHHa TepMO/iHHaMHHecKoro paBHOBecHH. BbiHHCJiHH paBHOBecHbie 3HaHeHHH xkmbhcckhx 
noTeHH;HajiOB, nojiynnM ^jih 5apHOHHoro HHCjia b eflHHHi^e oGteMa |25| : 

rin2 /9 , 15 , \ 

riB = {^mudmu + —mddmd I . (66) 
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CooTBeTCTBeHHo 6apHOHHaH acHMMBTpHH paBHa: 



/3t = — = -8.4 • 10~^ (ISmuSrUu + IbmaSmd) /T^, (67) 

rj\e Ury = 0.24r^ paBHOBecHaa njioTHOCTb HHCJia (Jjotohob b eflHHHi^e oGteivia. T.k. TeMnepaTy- 
pa flOJiJKHa 6biTb Bbime TeMnepaTypbi 3jieKTpocjia6oro nepexofla Tew-, to HenpeHe6pejKHMbiH 

BKJiafl BHOCHT CaMblit TaJKejIblH t-KBapK. 

Bbime npe^nojiaraeTca HepaBencTBO Mace nacTHu; h aHTHHacTHn;, oj^iaKO 3to BOBce He o6H3a- 
TejibHO. B pa5oTe [26] npHBe^en HBHbiii npiiMep nejioKajibHoft JIopeHii,-HHBapHaHTHOH TeopHH, b 
KOToplt HapymaeTCH CPT, ho coxpanaeTCH C h b CHjiy SToro Maccbi nacTHii; h aHTHHacTHu; flojiJK- 
Hbi 6biTb paBHbi. Bojiee Toro, npn nepaBKbix Maccax Teopna npeflCKasbiBaeT, hto He 5yflyT co- 

XpaHHTbCH HH 3JieKTpHHeCKHH, HH 6apHOHHbIH SapHflbl, HH flaJKe TeH30p 3HeprHH-HMHyjIbCS |27) . 

no-BH;];HMOMy, B MexaHHSMe HapymeHHH CPT, paccMOTpeHHoro b pa6oTe [28J, sthx npoGjieM 
(hjih BecbMa HHTepecHbix Hpe^cKasaHHli?) ne BOSHHKaeT, ho n,eHOH BecbMa Heo5biHHoro ^Hcnep- 
CHOHHoro saKOHa, T.e. cbssh MejKfly SHeprneii h HMnyjibcoM, fljiH CBo6o/];Hbix nacTHu;. Ecjih npn 
HepaBHbix Maccax HacTHu; h aHTHHacTHu; ^eiicTBHTejibHO ne coxpanaeTCH 6apHOHHoe hhcjio, to 
6apHocHHTe3 Mor 6bi HpoHcxo/];HTb H npH TeMHepaTypax HHJKe Tew- 

KaK OTMenajiocb b nanajie SToro paa^ejia, napymeHHe CPT Morjio 6bi hpohbhtbch b otkjio- 
HeHHH paBHOBecHbix pacHpe/],ejieHHH ot KaHOHHHecKoii 4)opMbi (|29p . CTpororo onncaHHa sToro 
aBjieHHH He cyn];ecTByeT, ho mojkho nonbiTaTbCH, cjie^iysi pa6oTe |25| . cMo;i;ejiHpoBaTb ero, npe/i,- 
HOjioJKHB, HTO ycjioBHe /leTajibHoro 5ajiaHca napymaeTCH, fla>Ke Kor^a OTKpbiT jiHHib oj\vm Kanaji 
peaKu;HH. CorjiacHO o6cyjKfleHHio b KOHn,e pasflejiaU 3to npoTHBopeHHT ycjioBHio yHHTapnocTH, 
HO pas yjK Mbi HapyniHjiH CPT, to ne HCKjuoHeno, hto h yHHTapnocTb TOJKe OKajKeTCH napy- 
meHHOH. TaK hto Hpe^HOjiojKHM, HTO aMnjiHTyflbi npHMoli h oGpaTHofi peaKH,HH pasjinnaioTCH 
corjiacHO cooTHomeHHio: 

= |%|2(i + Ai/). (68) 

PaccMOTpHM /i,jiH OHpe/];ejieHHOCTH peaKu;HK) 01+02 O 03 + 04, Hojiaraa, hto Oj-4)epMHOHbi, 
xoTH 3TO H He oGssaTejibHO. HpeflHOjiojKHM, HTO Tenepb paBHOBecHbie 4)yHKu;HH pacHpe/];ejieHHa 
cjierKa OTjinnaioTCH ot cbohx KaHOHHHecKHX SHanenHH, f^^'^^ = /j(l + (5j), r^e /j-o6biHHaH paB- 
HOBecHaH 4)yHKu;HH (|29p . Ho/icTaBHB 3th 4)yHKu;HH pacnpeflejieHHH b CTan^apTHoe KHHeTHHecKoe 
ypaBHeHHe (xoth h ero CHpaBefljiHBOCTb mojkho HOCTaBHTb HOfl coMHCHHe), naiifleM: 

= ^ / dp2dp3dp4{27r)''6^^^ {pi +P2-P3- pa) |^12p/l/2(l " /3)(1 " U) 



A I a ^ ~ /a , A ^ ~ r 2-/1 2-/2 



(69) 



me dp = d^p/2E{2TTf. 

PaBHOBecHoe cocTanne onpeflejiaeTCH ycjioBHCM Toro, hto 4)yHKu;HH pacnpeflejieHHH ne sasH- 

CHT OT BpeMeHH, T.e. 5j = 0. OflHaKO 4)aKTOp B KBa^paTHblX CKo6KaX He MOJKCT TOJKfleCTBeHHO 

o6paTHTCH B HOJib, T.K. KaJK/i,aH 4)yHKii,HH fj H 5j saBHCHT OT "cBoeli" 3HeprHH Ej. Sanyjie- 
HHe HHTerpajia CTOJiKHOBeHHH bosmojkho jiHLUb B cpeflHeM nocjie HHTerpHpoBaHHH no cJjasoBOMy 
o6beMy. Bojiee Toro, coBepmeHHO ne oneBujiHO, hto pemeniie 5 = cymecTByeT 11, flajKe ecjiH 
3TO TaK, TO 4)opMa pasHOBecHoro pacnpe/iejieHHH aasHCHT ot KOHKpeTHOii peaKu;HH, a yHHsep- 
cajibHbix paBHOBecHbix pacnpeflejieHHii neT. 9to chjibho npoTHBopcHHT nameMy npHBbiHHOMy 
onbiTy. 
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7 npHJio:aceHHe I: TepMO^HHaMHHecKHe BejiHHHHM b paBHOBec- 
HOH njiasMe 



HnjKe npHBe^eHbi neKOTopbie nojiesHbie BbipajKeHHH p^jiR HHTerpajibHbix xapaKTepncTHK 
paBHOBecHOH cjia6oB3aHMO/];eHCTByioiri;eH njiasMbi hjih rasa b npeflnojiojKeHHH, hto 4)yHKu;HH 
pacnpe^ejieHHa j^aioTCii BbipajKeHHaMH (|29p . 

CnaHajia flOKajKeivi o6mee cooTHOineHHe MeyKjxy HHTerpanaMH ot 6o30HHbix h (JiepMHOHHbix 
4)yHKLi;nH pacnpeflejieHHH ^jih 6e3MaccoBbix HacTHii, c nyjieBbiMii xiiMHHecKHMH noTeHii,HajiaMH: 

|^p'7/=(i-^)/|f3P"A. (70) 

BsefleM 6e3pa3MepHyio nepeivieHHyio y = p/T h nepennmeM cymecTseHHyio nacTb (J^epMHOHHoro 
HHTerpajia b bh/jis: 

Cflejias BO BTopoM cjiaraeivioM 3aMeHy y ^ 2y, nojiyHHM hckomob cooTHomeHHe ()70p . 

Hhcjio HacTHU, B efl^aaau^e oG^beivia h hx njioTHOCTb 3HeprHii flaioTCH cooTBeTCTBeHHO hhtb- 
rpajiaMH (f22|) h ()23p h ^jih 6e3MaccoBbix 5o30hob (hjih npn T ^ m) c nyjieBbiM XHMHHecKHM 
noTeHii,HajioM ohh paBHbi: 

nJO,r) = ^^^T^ « 0.1218c?, T^ (72) 

p,(0,T) = (73) 

rfle (^(3) ~ 0.12 - flseTa 4)yHKu;Ha. ^jih (JiepMHOHOB 3th BbipaJKeHHa Ha^o yMHOJKHTb cooTBeT- 
CTBeHHO Ha 3/4 h 7/8. 

B HaCTHOCTH, flJIH cJiOTOHOB MHKpOBOJIHOBOrO (JjOHa HOJiyHHM: 

= 0.2436 = 411.87 (r/2. 728 /C)^ CM-^ (74) 
= 0.6215 (r/2.728i^)'^3B/cM3. (75) 

B cjiynae MaccHBHbix nacTHu; b npe^ejie m ^ T ^jih 6o30hob h 4)epMHOHOB HOjiynaeTCH 
oflHHaKOBbiH pesyjibTaT: 

n,jim,T)=g,^^y\-"^/^. (76) 

OHeBH/],HO, njioTHOCTb 3HeprHH HOJiynaeTca h3 3Toro BbipajKeHHH yMHOJKeHHeM na Maccy nacTHii;: 
p(m,T) = mn{m,T). 

8 npHJio:a<:eHHe II: IIpHMepbi saKOHOB pacmnpeHHa h TenjioBaa 

HCTOpna BCeJIGHHOH 



3bojhoi];hh MacmTa6Horo (J^aKTopa, T.e. 3aBHCHMOCTb a{t), OHpeflejiaeTCJi KOCMOJiorHHecKHMH 
ypaBHeHHSMH h ([S]) h ypaBHeHHeivi coctohhhh MaxepHH JlerKO Bnp^eTb, hto npn w = 
njioTHOCTb SHeprHH y6biBaeT, KaK pnr ~ l/o'^) ^To coBepmeHHO oneBH^HO ^Jia nepejiaTHBHCT- 
CKoro BemecTBa. B 3tom cjiynae a ~ t^/^ u H = 2/3t. ^jih pejiaTHBHCTCKoro Bem;ecTBa w = 1/3 
H p ~ 1/a^. CooTBeTCTBeHHO a ~ 

^ H = l/2t. Em;e OflHH HpaKTHHeCKH HHTepeCHblH cjiy- 
Haft - 3TO ypaBHenne coctohhhh c tt; = — 1. Oho peajiH30BbiBajiocb na onenb paHHeft CTa^HH, 
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hh4)jihli;hh, h npH6jiHJKeHHO, ho c xopomeii TOHHOCTtro peajiHsyeTca ceftHac. HpH stom hjiot- 
HOCTb SHeprHH H, cjie/i,OBaTejibHO, h napaMeTp Xa66jia ocTaioTCH nocTOHHHbiMH, a MacniTaGHbilt 
cjaaKTop pacTBT 3KcnoHeii;HajibHO, a ~ exp(Ht). 

HpH flBHJKeHHH BCHHTb HO BpeMeHH TeMHepaTypa BemecTBa BospacTaeT, rpy6o roBopH, KaK 
T ~ l/a{t). Bojiee tohho saKOH HSMeneHHH TeivinepaTypbi onpe/iejiaeTca ypasHeHHeM (|4ip . Ha 
pejiaTHBHCTCKOH CTa/];HH HMeeT MecTO yflo6Hoe npnGjiitaceHHoe cooTHomeHHe 



Mbi yjKe OTMenajiH, hto na paHHelt cTa/i,HH KocMOJiorHHeKoft sbojiioi^hh nepBHHHaa njiasMa na- 
xoflHjiacb npaKTHHecKH b paBHOBecHOM cocToaHiiH H Bce HacTHii;bi c m > T npHcyTCTBOsajiH b 
njiasMe npHMepno b pasHOM KOJinnecTBe. 

B KaKOM-TO CMbicjie BonpeKH BbimecKasaHHOMy, nanajibHoe cocTOHHHe BcejieHHoft j^o 6ojib- 
moro BspbiBa 6bijio xojioflHbiM. Oho Hpe;];cTaBjiajio co6oii BaKyyMo-no/],o6Hoe cocToanne CKajiap- 
Horo nojiH-HHcJjjiaTOHa KOTopoe npHBO^Hjio k 3KcnoHeHii;HajibHOMy pacmnpeKHK) BcejieHHoii. 
BcHKoe flpyroe BemecTBO OTcyTCTBOBajio h roBopHTb o TeMnepaType npocTO ne 6bijio CMbicjia. 
CorjiacHO o6ru;enpHHaTOH KapTHne, aMnjiHTy^a iiHcjajiaTOHHoro nojiH MefljieHHO y6biBajia h H3-3a 
3Toro y6biBaji h napaMeTp Xa66jia. Kor/],a SHaneHHe ero ynajio flo BejiHHHHbi nopa^Ka Maccbi 

HHcJjJiaTOHa, TO (p CTajIO OCII,HJIJIHpOBaTb BOKpyr nOJIOJKeHHH paBHOBeCHH, 94)4)eKTHBHO pOJKflaH 

Bce BjieMCHTapHbie HacTHii,bi, Macca KOTopbix 6bijia MeHbine Maccbi HHcJjjiaTOHa. 3tot KopoTKHii 
nepnoji MOJKHO nasBaTb 6ojibmHM BspbiBOM (Big Bang), c KOToporo nanajiacb o6biHHaH Tenjio- 
Baa KOCMOJiorHHecKaa HCTopna. HacTHn,bi, nopoac^ennbie nncjjjiaTonoM, niviejiH cnjibno nepas- 
noBecnbiH cneKTp, no sa onenb KopoTKoe speMH no cpaBnennro c 1/H, ohh TepMajinsoBajincb n 
3a6bijiH HanajibKbie ycjioBHH. 

B KaKOH-TO MOMBHT Hocjie 6ojibmoro BspbiBa B pesyjibTaTe npoi^ecca GapnocHHTesa boshhk 
H36biTOK nacTHn; na/i, anTHHacTHn,aMH. Ffle-TO jih6o nosjKe, jih6o panbme SToro MOMenTa npn 
oxjiajK/iennn b nepBnnnoli njiasMe nponcxoflnjin cJaasoBbie nepexoflbi, nanpniviep, nepexo/i; ot 
CHMMeTpHHHoit K necHMMeTpHHHOH (Jjase B 3jieKTpocjia6bix BsaHMOflencTBHHX HjiH nepexofl ot 
(Jjasbi CBo6o/];nbix KBapKOB k cj^aae neBbijieTaHHH b KBanTOBoii xpoMO^HnaMHKe. Kor/ia Teivinepa- 
Typa ynajia npHMepno flo 1 MsB nanajincb npon,eccbi noflroTOBKH k nepBnnnoMy nyKjieocnnTesy, 
saBepniHBniHecH cosflanneM jierKHX sjieMenTOB npn T ~ 60 — 70 ksB. ^ajibnenmee oxjiaJK^e- 
nne npoxo/i,Hjio 6e3 oco5o apKHX coGmthh npHMepno flo z = 10^. C 3Toro MOMenTa njioTHOCTb 
9HeprHH nepejisTHBHCTCKoro BemecTBa CTanoBHTca ^OMHHHpyioni;eH n nannnaeTca pocT nep- 
Bnnnbix B03Myn],eHHH hjiothocth, KOTopbie BnocjieflCTBnn pasoBbioTCH b KpynnoMacmTa6nyio 
CTpyKTypy Bcejiennon (T.e. b rajiaKTHKH, nx CKonjienna n csepxcKonjiennH) . HecKOJibKO nosjKe, 
npn z = 1100, npoHcxo;];HT peKOM6Hnan;H5i BO/i,opofla, T.e. npoTon saxsaTbiBaeT sjieKTpon, o6- 
pasya BOflopo^. Ben];ecTBO CTanoBHTca neliTpajibnbiM n (JiOTonbi, KOTopbie panee jinnib Me^jien- 
no ;];H4)4)yH^HpoBajiH b sapaJKennoii njiasMe, nannnaroT pacnpocTpanaTbca CBo5oflno, npnnocH 
naM 4)OTorpa4)Hio Bcejiennon b to BpeMH. HnjKe mm ocTanoBHMca no/];po6nee na neKOTopbix ns 
ynoMHnyTbix Bbime npon;eccoB. 

^jiH Toro nTo6bi boshhk hsGmtok GapnonoB nafl anTnGapHonaMn b hcxo^ho aapa^oBO chm- 
MeTpnnnoH njiasMe, T.e. b njiasMe, KOTopaa cocTOHjia ns pannoro nncjia nacTnn, n anTnnacTnn; 
floCTaTonno Bbinojinenna cjie/iyion^nx Tpex ycjioBnn [29j: necoxpanenna 6apHonoro nncjia, na- 
pymenna CHMMeTpnn BsanMOflencTBHii nacTnn, n anTnnacTnn,, T.e. napymenna C n CP nnBa- 
pnanTnocTH n OTKjionenna ot TepMo^^nnaMnnecKoro pasnoBecHH. ^eTajibnoe o6cyjKenne sthx 
ycjiOBHH MOJKno naiiTn, nanpnMep, b jieKn,HHX [30]. OTKjionenne ot paBnoBecna, KaK mm BH^e- 
jiH, Bcerfla HMeeT MecTO fljia MaccHBHbix nacTHH,, cm. ypaBnenne ()55p . J^Jisi Toro, nTo6bi 34)4)eKT 
ne 6biji npeneGpeJKHMO Maji, Macca nacTnn; ne ;i;ojiJKna GbiTb Menbme, ncM 10~^mp; ~ 10^*^ 
FaB. HocKOJibKy TajKCjibie nacTHu;bi JKnByT b njiasMe npn T Bbime hjih nopaflxa m, to b 3tom 
cjiynae GapnocnnTes mojkct hj^th tojibko npn onenb bmcokhx TCMnepaTypax hjih jkc Macca 
HjianKa, mpi, b pannen Bcejiennon /lOJiJKna 6biTb naMnoro nnjKe CBoero KanonnnecKoro ana- 
nenna. HMeeTCH, o/inaKO, n /ipyroii MexannsM napymenna TepMO/innaMnnecKoro pannoBecna b 




(77) 
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KOCMOJiorHHecKHX ycjiOBHHX, a HMeHHO (J^asoBbiii nepexofl nepBoro poji^a.. B npoii;ecce nepexo- 
fla BemecTBO npe^cTaBjiaeT co6oh cmbcb pfiyx pasjiHHHbix cj^aa, KaK nanpHMep, nap h Bo^a b 
npoii,ecce KHneHHH. TaKoe cocTOHHHe hbho nepaBHOBecHO. UoflflGuhie cJaasoBbie nepexo^bi mofjih 
6bi npoHSOHTH npH T <C 10^*^ FsB, ^ajKe na MacmTa6e KX^, ho na 3tom MacmTa6e, CKopee 
Bcero, coxpaHHeTCH 6apHOHHoe hhcjio. K coJKajieHHro Teopna GapnocHHTesa, xoth h onncbiBa- 
eT B npHHii,Hne BOSHHKHOBeHHe KOCMOJioriinecKoro HsGbiTKa 6apHOHOB na/i; aHTH6apHOHaMH, ho 
no cym;ecTBy npe/i,CTaBjiaeT co6oh terra incognita, t.k. npn Heo6xo;i;HMbix j^jiii SToro bmcokhx 
TBMnepaTypax 4)H3HKa nenasecTna n, CKopee Bcero, ne 6yfleT nsBecTna b o6o3pHMOM Gyffyw^eM. 

HanpoTHB, nepBHHHbiH nyKjieocHHTes npoTeKaeT b xopomo ycTanoBjiennoH o6jiacTH sipfip- 
HoA 4)H3HKH nnsKHX 3HeprHH, no3TOMy B CTanflapTHOH KOCMOJiorHHecKofi MOflejiH npeflCKasanna 
Teopnn oflnosnanno onpe^ejienbi. CpaBHenne Teopnn c Ha6jno/i;eHH5iMH nosBOJiaeT nojiynnTb 
orpannnenna na noByio (J^nsHKy, nanpHMep, na cyn^ecTBOBanne nensBecTHbix jierKHX cjiaSoBsa- 
HMO/ieHCTByion^HX nacTHH; hjih rnnoTeTHnecKHX necTaGnjibHbix, ho flOJiroJKHByn^nx nacTHn;, hjih 
na CBOHCTBa nepBnnnoH njiasMbi, nanpHMep, na Bejinnnny ee jienTonnoH acHMMCTpHH. 

Hcxo/;nbiM MOMenTOM nepBHnnoro nyKjiecHHTeaa HBjiaeTCH 4)HKcan;HH npoTon-neHTponnoro 
OTnonienHH, r^p = Un/up, hto npncxo^HT b peaKn;HHX (|57p . n^yn^nx sa cneT cjia6oro BsanMO- 
/lencTBHa. TeMn 3Tnx peaKn,nH paBen no nopa^Ky Bejinnnnbi: 

Tw ~ (78) 

rfle Gp ^ 10~^ FsB"^ - KoncTanxa OepMH cjiaGoro BsanMO/iencTBHa. HoKy^a CKopocTb 3thx 
peaKn,HH ^ocTaTonno BbicoKa, OTnomenne r^p cjie/i,yeT paBnoBecnoMy saxony: 

rnp = exp{-Am/T + ^^J , (79) 

rfle ^j/g = Hu^/T, a /ijy^-XHMHHecKHH noTenu;Haji sjieKTponnbix neHTpnno. 

CpaBnHBaa Ty/ ()78p c napaMeTpoM Xa56jia ()4ip . yBn/];nM, hto peaKn,HH (|57p saMepsaioT 
npn TBMnepaType, onpe/];ejiHeMOH ycjioBneM G'^Tj ~ g^Tj /mpi, T.e. Tj ~ gl^^ MsB. Bojiee aK- 
KypaTnaH on;enKa npnBOflHT k K034)c]3Hn,HenTy nopa^Ka 0.16 b 3tom BbipajKennn, TaK hto npn 
KanonnnecKOM ananennn g^, = 10.75 TeMnepaxypa saMepsanna OKasbiBaeTca paBnolt npnMep- 
no 0.7 MsB. B HTore OTnoraenne neiiTponoB k npoTonaM onpeflejiaeTCH BbipaJKenneM (|79p . r^e 
na^o noflCTaBHTb T = Tj. Otmbthm eni,e, hto, nanpHMep, yBejinnenne chjim BsanMOflencTBHH 

npHBefleT k yMenbmennio Tf n naflennio "npoH3BOflCTBa"rejiHH, t.k. nonTH Bce saMepsnine 
neHTponbi, sa HCKjnonenneM nx ne6ojibmoH nacTH (npnMepno, 20%), KOTopaa pacna/];eTca k 
MOMenTy o6pasoBanHa sij^ep npn T ~ 60 — 70 ksB, n Tex nenTponoB, hto yn^yT b /^enTepnii n 
rejiHH-3 (hto cocTaBjieT Bejinnnny okojio 10~^), co6epyTCH b "^He. HoaxoMy KOJinnecxBO nocjie^- 
nero BecbMa nyBCTBHTejibno n k bosmo^khbim /];onojinHTejn>nbiM BKjiaflaM b njioTnocTb aneprnn 
(nanpHMep, ox hobmx nacTHn; hjih sa cnex nenyjienbix XHMHnecKHX noTenu;HajiOB neliTpHHO ()59p ). 
Oco6enno chjibho KOJinnecxBo o6pasoBaBnierocH ^He saBHcnx ot xHMnnecKoro noxenn;Hajia fg, 

KaK 3T0 BHflHO H3 BbipaJKeHHH (|79p . 

OcxanoBHMCH ern^e na coxpanennH snxponnn npn pacmnpennn. Mojkho noKasaxb, nxo b 
xenjioBOM paBnoBecnn n npn nyjieBbix xnMnnecKHX noxenn,najiax coxpanaexcH anxponna b co- 
nyxcTByK)ni,eM o6x.eMe: 

dt dt \ T J 

rfle njioxnocTb sneprnn /];aexcH BbipajKenneM ()23p , npocyMMnpoBannbiM no BceM xnnaM nacxnn;, 
"jKHByni,nx" b njiasMe, a njioxnocxb flaBjienna paBna 

rfle cyMMa xaKJKe 6epexcH no BceM xnnaM nacxnn;. 
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B ;];eHCTBHTejibHOCTH paeeHCTBO (jSOp necKOJibKO 6ojiee o6ii],ee. Oho Bepno j^Jisi jiio6bix, He 
o6H3aTejibHO paBHOsecHbix, 4)yHKu;HH pacnpeflejieHiiH fljiH nacTHi^bi THna i, KOToptie hmbiot bh^ 
fi = fi{Ei/T), c oflHHaKOBbiM napaMBTpoM Ti{t), h y^oBjieTBopHiomHX KOBapnaHTHOMy saKony 
3bojiioii;hh hjiothocth nojiHOH SHeprnn: p = —2>H{p + P) c npoHSBOjibHoft T{t). B pesyjibTaxe 
jierKo nojiyHHM 



HcnojibsyH BbipaJKeHHe ()8ip h ynHTbiBaa, hto b hbm tojibko T saBHCHT ot BpeMenn, HaAflidM 
nocjie HHTerpHpoBaHHa no nacTHM: 



HTO H npHBOflHT K saKOHy coxpaneHHa (|80p . HoflHepKHeM, hto fljiH cnpaBe;];jiHBOCTH SToro saKona 
Heo6xo;];HMO sanyjienHe XHMHHecKHX noTeHii,HajiOB, hto nnorfla ynycKaeTca h3 BH/];a. Otmbthm 
eme, HTO B jiHTepaType HcnojibsyTca ne onenb y/iannaH TepMHHOjiorHH o Bbi^ejieHHH SHTponnn 
B pacna/i,ax MaccHBHbix HacTHU, hjih npn hx aHHHrHjiHLi;HH. IlpaBHjibHee 6bijio 6bi roBopHTb o 
nepeKaHKe SHTponnn ot MaccHBHbix nacTHi^ k jierKHM npn T < m. B nacTHOCTH, Hs-sa SToro 
TeMnepaTypa njiasMbi 6ecMaccoBbix HacTHii,, KOTopaa npn OTcyTCTBHH anHHrnjiHi^HH hjih pac- 
uapflB Haflajia 6bi, KaK 1/a, 6y/];eT na/iaTb Me/i,jieHHee. HanpHiviep, anHHrnjiai^HH sjieKTponoB 
H nosHTpoHOB npHBOflHT K Sojiee BbicoKOH TeMnepaType 4)otohob no cpaBHennio c neHTpnno, 
TeMnepaTypa KOTopbix na^aeT, k&k 1/a. 

BjiaroflapHOCTt. 51 BbipajKaio npnsHaTejibnocTb E.B. Ap6y30BOH, npoHHTaBmeft pyKonncb, 
3a n,ennbie 3aMeHanHH, a TaKJKe 6jiaro/],apen 3a no^epjKKy FpanTy IIpaBHTejibCTBa Pocchhckoh 
(I)eflepa^HH No. 11.G34.31.0047. 
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